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ABSTRACT

ALL ROADS LEAD TO WEEDINESS: STORIES ABOUT WEEDY RICE
ORIGINS, WEEDY GENES AND WEED COMPETITIVENESS
SEPTEMBER 2017
ZHONGYUN HUANG, B.S., FUDAN UNIVERSITY, SHANGHAI, CHINA
Ph. D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Ana L. Caicedo
Weedy rice (Oryza spp.), a weedy relative of cultivated rice (O.sativa), infests
and persists in cultivated rice fields worldwide. Many weedy rice populations have
evolved similar adaptive traits, considered part of the ‘agricultural weed syndrome’,
making this an ideal model to study the genetic basis of parallel evolution. Using
population genetics analyses of South Asian and US weedy rice, my research reveals
multiple independent evolution events giving rise to weed groups in the two
geographic areas. Weeds in South Asia have highly heterogenous genetic backgrounds,
with contributions from both cultivated varieties (aus and indica) and wild rice.
Weeds in US evolved from independent single colonization events from South Asian
cultivars (aus and indica). I phenotyped a more complete list of potential iconic
weedy traits and assessed the polymorphisms on candidate genes underlying them.
Among the traits I surveyed, seed shattering and red pericarps are the most essential
weedy traits that converge among weedy rice worldwide with diverse ancestries. For
the seed shattering candidate gene, sh4, almost all cultivar-like weeds inherited the
non-shattering allele from cultivar ancestors, and thus there is another mechanism
v

causing re-acquisition of shattering phenotype in cultivar-like weeds. However,
genotypes of the the pericarp color candidate gene, Rc, is mostly sufficient to explain
the red pericarp phenotype in weedy rice. I also performed physiological
measurements and RNA-seq analysis to assess the competitiveness of weedy rice
when compared to cultivar ancestors at vegetative growth stage, and to discover
possible genetic mechanisms underlying competitiveness. Under low nitrogen
environment, both US and South Asian weeds seem to allocate less or similar nitrogen
to leaf area, while still have overall higher photosynthesis rate. Under optimal
nitrogen environment, when compared to cultivars, US weedy rice grow faster and
accumulate more sugar with less nitrogen accumulation in leaves. Certain sugar
derivative pathway, plant growth and phytohormone related genes are detected to
differentially express between weedy rice and their cultivar ancestors.
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CHAPTERＩ

INTRODUCTION

Agricultural weeds are defined as unwanted plants that invade and persist in
crop fields (Monaco et al., 2002). They are among the greatest agricultural problems,
being responsible for a ~30% annual reduction in crop productivity worldwide (Oerke,
2006). Agricultural weeds likely evolved in parallel to crop domestication, making
their origins relatively recent (Vigueira et al., 2013). During the evolution of
agricultural weeds, these plants rapidly adapted to the artificial environment by
evolving to have a suite of traits known as the “agricultural weed syndrome”
(Vigueira et al., 2013). Such traits can vary among weed species, but usually include
rapid growth, efficient seed dispersal and seed dormancy (Baker, 1965)
Weedy rice, sometimes called red rice (Oryza spp.), is an interfertile weed of
cultivated rice. Weedy rice is very competitive and drives down the quality of rice
harvest, making it one of the most important agricultural weeds (Olsen et al., 2007).
Weedy rice has been found to reduce crop yield by up to 80% within the field if left
unchecked, and leads to annual economic losses of over $45 million in US alone
(Estorninos et al. 2005; Gealy and Yan 2012).
Weedy rice is part of the Oryza genus system. Oryza is a genus native to
tropical and subtropical regions of Asia, Northern Australia and Africa. Containing 11
species, Oryza is noteworthy for containing one of our most important domesticated
crops, Asian cultivated rice or O. sativa that was domesticated ~10,000 years ago
1

(Huang et al. 2012; Kovach, Sweeney, and McCouch 2007). A second domesticated
Oryza species exists; African rice or O. glaberrima was domesticated in West Africa
~3000 years ago (Wang et al. 2014; Meyer et al., 2016). The wild ancestor of
cultivated Asian rice is Asian wild rice, known as O. rufipogon or O. nivara (Khush,
1997; Ammiraju et al. 2006). The ancestor of African rice is the wild specie called O.
barthii. Asian cultivated rice is the world’s second most important crop supplying
over 20% of daily calories for the world population (FAOSTAT data, 2005). It is also
important as a model system since it has the smallest genome among food cereals,
430 million base pairs with 12 chromosomes, and was the second plant genome to be
sequenced (Goff et al., 2002; Yu et al., 2002; Project, 2005).
Oryza sativa is diverged into two major subgroups: indica and japonica. The
two groups can be divided into a finer level of genetic structure with five distinct
varieties: indica and aus, which are closely related, and aromatic, temperate japonica
and tropical japonica, which are closely related to each other (Garris et al. 2005;
Caicedo et al., 2007; Civáň et al., 2015). Indica cultivated varieties are primarily
grown in the lowland tropics. Tropical japonica cultivated rice are grown in both
upland tropics and the United States. Temperate japonica cultivated rice are grown in
temperate regions. Aus cultivated varieties are primarily grown in Bangladesh, and
aromatic varieties principally in Pakistan, Nepal, India and Iran. In my thesis research,
I focused on the relationship between weeds and the various varieties of cultivated
Oryza sativa.
To better understand the characteristics of weedy rice and the evolution of the
2

“agricultural weed syndrome” (Vigueira et al., 2013), we need more accurate
knowledge of the genetic background and origins of existing weedy rice groups.
Previous morphological and molecular-based studies on weedy rice origins reveal that
weedy rice populations from different areas may have ancestral contributions from
local wild rice (eg. Malaysian weedy rice) (Song et al., 2014), or cultivated rice both
local (eg. Chinese weedy rice) or from another world region (US weedy rice) (Cao et
al. 2006; Gealy et al., 2009; Londo and Schaal 2007; Gross et al., 2010).
In my thesis, I am particularly interested in the origins of weedy rice in South
Asia, which refers to sub-Himalayan countries including Bangladesh, Bhutan
(Myanmar), India, Iran, Nepal and Sri Lanka. South Asia is an area with great Oryza
diversity, especially with the wild ancestors (O. rufipogon/O. nivara complex) of
cultivated Asian rice growing natively in this region (Civáň et al., 2015; Garris et al.
2005; Q. Zhu et al. 2007). This area is also the only geographic area where aus
cultivars are grown, along with the greatest diversity of indica cultivars (Khush, 1997),
as well as major lineages of japonica cultivars (Londo et al., 2006). Surprisingly, as
an area with severe agricultural weed problem in recent years, and with complex
evolutionary dynamics of weedy, wild and cultivated Oryza, South Asia has not been
thoroughly studied for the weedy rice genetic diversity and origins.
The surveys of weedy rice origins in various geographic areas have been
ongoing in recent years. However, very few of them have made use of high-density
genome-wide variation data. In Chapter II of the thesis, I close this gap by surveying a
broad range of Oryza germplasm to examine all possible origins of weedy rice in both
3

South Asia and US. Genotyping was performed with a technique called
Genotyping-by-Sequencing (GBS) on Oryza samples to cover the nucleotide variants
distributed across the whole rice genome. Phenotyping was also performed on the
same panel of samples to measure weedy rice traits. Genes with high divergence
between weedy rice and ancestors were detected, so as to discover the genetic
background under some of these weedy rice traits.
The investigation of the population structure and diverse origins of South
Asian and US weedy rice can help us better understand the parallel or convergent
evolution (Arendt and Reznick, 2008) of “agricultural weed syndrome” traits in
weedy rice. Weedy rice groups independently evolved in different areas (South Asia
and US), and from different ancestries (cultivars or wild rice) may converge to obtain
the similar weedy rice traits despite the diverse genetic backgrounds.
In Chapter III, I performed extensive phenotypic measurements on a subset of
the Chapter II panel, including weedy rice samples from South Asia, along with their
possible ancestors as identified in the population genetics analysis in Chapter II, so as
to further determine which traits are convergent among the main South Asian weedy
rice populations, and which are variants among weedy rice groups. The traits that
converge among weedy rice groups with diverse ancestries, for example seed
shattering (Li, Zhou, and Sang 2006) and red pericarp (Sweeney et al., 2006), will be
the most important weedy rice traits that define the “agricultural weed syndrome” in
weedy rice.
The evolution of similar phenotypes in different evolutionary lineages is
4

known as parallel or convergent evolution (Arendt and Reznick, 2008). Much effort
has centered on determining the extent to which phenotypes involved in parallel
evolution have similar or different genetic basis (eg. Elmer and Meyer, 2011;
Hoekstra et al., 2006; Protas et al. 2006). Once we discovered the weedy rice traits
that diverse groups converge on, along with the origins of weedy rice populations well
determined in Chapter II, our weedy rice panel will make an ideal system to address
questions about the genetic basis of parallel evolution (Vigueira et al., 2013).
Previous domestication and rice agricultural trait studies have revealed a list of
candidate genes underlying key rice traits. Some examples are pericarp color
(Sweeney et al., 2006), seed hull color (Zhu et al., 2011), seed shattering (Li et al.,
2006) and plant architecture (Jin et al. 2008; Tan et al. 2008). The genetic mechanisms
involved in the transition from ancestral wild rice phenotype to cultivated rice
phenotype may also be relevant in the transition to weedy rice. Some weedy rice traits
mimic those of the cultivated rice, while others mimic wild rice ancestors.
Determining the genetic basis of all sorts of weedy rice traits can provide strong
evidence for the degree to which shared loci underlie convergent traits, and also
provide clues about how weedy rice acquired weedy traits. In Chapter III, I aim to
contribute to the expansion of knowledge of weedy rice evolution, by examining
whether weedy rice populations in South Asia have acquired the same set of weedy
rice traits from standing variation in their ancestral populations, de novo mutation, or
introgression from other sources. I used target sequencing technique to capture 15
candidate genes reported to be responsible for key rice traits and their flanking genes,
5

and sequenced these regions among our Oryza panel, so as to detect possibly
functional polymorphisms that can explain phenotypic differences and evidences of
selective sweeps or introgression.
Competitiveness in plants usually refers to the ability to reduce the fitness of
another plant by capturing spaces and resources more efficiently or by using resources
more efficiently (Radosevich et al., 1997). The two most well studied weedy rice
competitive traits are both in the reproductive growth stage, seed shattering (Li et al.,
2006) and seed dormancy (Gu et al. 2005). These two traits facilitate the seeds to
escape harvest, disperse in the field and survive in the soil seed bank. However, there
is the knowledge gap of to what extent weedy rice competes with cultivated rice at the
vegetative growth stage. Weedy rice has been reported to be quite competitive as early
as in the vegetative growth stage, with weeds reported to growth taller and produce
more tillers (Shivrain et al., 2010; Estorninos et al., 2005). Some weed populations
may also have more efficient nitrogen assimilation than cultivated rice in the early
growth stage (Sales et al., 2008; Chauhan and Johnson, 2011). In Chapter IV, I aim to
close the knowledge gap and further characterize the mechanisms contributing to
competitiveness at the vegetative growth stage that have not been fully studied in
weedy rice.
A combination of traits observed in weedy rice may either allow weeds to be
more competitive during vegetative growth, or is the consequence of greater
competitiveness. Previous studies, along with the results in Chapter II and Chapter III
detected diverse genetic backgrounds of weedy rice populations existing all over the
6

world (Reagon et al. 2010; Song et al., 2014; Huang et al., 2017). It is possible that
the existing diverse ancestry, along with the geographic area where weeds evolve,
might also contribute to different levels and mechanisms of weed competitiveness. We
are also interested in revealing to what extent weed groups diverged from ancestors
for competitiveness. In Chapter IV, we try to define the suite of traits that enhance the
weed competitiveness

by characterizing the phenotypic and physiological

performance of weedy rice from both US and South Asian, and along with their
ancestors including cultivar varieties and wild rice. We characterized a suite of traits
that might contribute to weed competitiveness, including photosynthesis ability, dry
mass accumulation, chlorophyll and carbohydrate contents and determined the
convergence of weedy rice physiological performances. We further performed
RNA-sequencing on cultivar-weed pairs to discover the genetic mechanism behind
the evolution of weed competitiveness.

7

CHAPTER II

PATTERNS OF GENOMIC DIVERGENCE REVEAL EXTENSIVE
RECURRENT WEEDY RICE ORIGINS FROM SOUTH ASIAN ORYZA

2.1 Introduction

Agricultural weeds offer striking examples of rapid evolution and adaptation.
Defined as unwanted plants growing in the agricultural environment (Monaco et al.,
2002), agricultural weeds are responsible for a ~30% annual reduction in crop
productivity worldwide (Oerke, 2006). Weedy plants’ cost to society is a direct result
of their ability to continuously infest and persist in crop fields. This rapid adaptation
is thought to occur through the evolution of a suite of traits known as the “agricultural
weed syndrome” (Vigueira et al., 2013). Understanding how agricultural weeds arise
and evolve can help us design methods to prevent their adaptation to crop fields.
Although adaptive traits can vary among weed species, traits considered part
of the agricultural weed syndrome are common to many weed groups. Examples of
such traits include rapid growth, efficient seed dispersal and seed dormancy
(Baker,1965).The evolution of similar traits in different groups is known as parallel or
convergent evolution (Arendt and Reznick, 2008). Recently, much interest has
centered on determining the extent to which phenotypes involved in parallel evolution
have similar or different genetic bases (e.g. Hoekstra et al., 2006; Nachman et al.,
2003; Protas et al., 2006; Elmer and Meyer, 2011). The repeated evolution of weed
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syndrome traits in agricultural weeds make these ideal systems in which to address
questions about the genetic basis of parallel evolution (Vigueira et al., 2013).
Weedy or red rice (Oryza spp.), an aggressive, interfertile weed of cultivated
rice, displays signs of parallel phenotypic evolution (Ziska et al., 2015). Weedy rice
infests cultivated rice (O. sativa) fields worldwide (FAO, 2002). However,
morphological and molecular-based studies have increasingly suggested that the
origin of weedy rice populations may vary across sites. For example, surveys of
simple sequence repeat (SSR) markers and genome-wide single nucleotide
polymorphism (SNP) suggest that weedy rice groups found in the US are most closely
related to the aus and indica cultivated varieties, which are native to Asia (Londo and
Schaal, 2007; Gealy et al., 2009; Reagon et al., 2010), whereas studies based on
isozymes and SSR markers suggest that weedy rice in Bhutan and Northeastern China
is related to genetically distinct japonica cultivated rice varieties (Ishikawa et al.,
2005; Cao et al., 2006). Recent SSR data have further revealed genetic contributions
from wild rice populations (O. rufipogon) to weedy rice backgrounds in Malaysia
(Song et al., 2014) and Thailand (Pusadee et al., 2012).
Although surveys of weedy rice origins have been ongoing for many years,
few have made use of high density genome-wide variation. Additionally, many studies
have failed to survey a broad enough range of Oryza germplasm to examine all
possible origins. For example, early studies of US weedy rice did not include
cultivated aus varieties, so their involvement in weed origins was only recently
discovered (Londo and Schaal, 2007; Reagon et al., 2010). Similarly, wild germplasm
9

has not been routinely included in many studies (Ziska et al., 2015). Moreover, the
case of US weedy rice demonstrates that weed strains do not necessarily evolve from
local Oryza groups; neither indica nor aus rice varieties are cultivated in the US,
indicating that US weeds are of exotic origin (Reagon et al., 2010).
Despite these limitations, the diversity of genetic backgrounds detected thus
far for weedy rice populations is consistent with multiple independent evolutionary
origins. Many characterized weedy rice populations reportedly have some traits
consistent with the agricultural weed syndrome. Weedy rice traits include seed
dormancy, a high proportion of seed dispersal (shattering), presence of a red pericarp,
asynchronous maturity and enhanced growth (Chauhan, 2013; Rathore et al., 2013).
However, the extent to which independently evolved weedy rice populations
worldwide share these typical traits remains an open question. Additionally, the extent
to which similar genetic mechanisms have been involved in the evolution of
convergent weedy rice traits has recently become an exciting area of inquiry (Thurber
et al., 2013; Qi et al., 2015).
The extent of parallel evolution in weedy rice at the genetic and phenotypic
levels cannot be understood without first elucidating the separate phylogenetic origins
of weedy rice populations around the world. In this study, we focus on genomic and
phenotypic characterization of weedy rice from South Asia, an area with great Oryza
diversity. The wild ancestor of cultivated Asian rice, the O. rufipogon/O. nivara
complex, grows natively in this region, and South Asia is believed to be the
domestication site of the indica lineage of cultivated Asian rice, which comprises the
10

indica and aus varieties (Garris et al., 2005; Londo et al., 2006; Zhu et al., 2007;
Huang et al., 2012; Civáň et al., 2015). In fact, South Asia harbors the greatest
diversity of indica cultivars and is the only geographic area where aus cultivars are
grown (Khush, 1997). This is significant, because it raises the possibility that weedy
Oryza from the US and South Asia may be related. The second major lineage of
cultivated rice, the japonica, composed of the aromatic, tropical and temperate
japonica varieties, is believed to have been domesticated in China (Londo et al.,
2006), but some japonica cultivars are also grown in South Asia.
With the technological shift from hand transplanting of paddy-grown seedlings
to direct-seeded rice cultivation in recent years, weedy rice has emerged as a severe
agricultural threat in South Asia (Chauhan, 2013). Because of the diversity present,
the evolutionary dynamics of weedy, wild and cultivated Oryza could be more
complex compared to other regions. Although weeds categorized as Oryza spp. have
been reported in several countries in South Asia (Moody and Keith, 1989), no
regional characterization of weedy rice genetic diversity has been carried out, nor
have the origins of weeds in this entire region been explored.
Using genome-scale genotyping on samples of South Asian wild, weedy and
cultivated rice and leveraging previous data produced for US weedy rice (Burgos et
al., 2014), here we attempt to answer the following questions: (i) From which Oryza
groups has South Asian weedy rice arisen? (ii) How are US and South Asian weedy
rice related? And, (iii) Which loci have contributed to weedy rice evolution in South
Asia and are these shared among different weedy groups?
11

2.2 Materials and Methods

2.2.1 Plant material and DNA extraction

In this study, we focus on weeds in the South Asia geographic area, including
Bangladesh, Myanmar, India, Nepal, Pakistan and Sri Lanka. We obtained seed for 59
South Asian samples classified as weedy rice from the International Rice Research
Institute (IRRI), spanning collections made from 1963 to 1999 (Table S2.1). These
samples were identified as weeds because all were unwanted non-crop Oryza growing
within cultivated rice fields. Due to the homogeneity of rice cultivars, weedy Oryza
are readily recognized. We further obtained seed for 77 cultivated O. sativa accessions
that capture the diversity of cultivated varieties in South Asia and close neighboring
countries, as well as 29 samples of the wild ancestral species to cultivated Asian rice
(O. rufipogon/O. nivara) and four outgroup samples (O. meridionalis and O. barthii)
from the USDA Genetic Stocks Oryza Collection (GSOR) or IRRI (Table S2.1). Wild
rice plants are distinct from weedy or cultivated rice, as they grow in natural habitats
rather than within cultivated fields. We also included genotype information for six
accessions from Southeast Asia (Olsen, unpublished), to test for possible contributions
of outside groups to South Asian weeds. Lastly, we included genotype data for 17 US
weedy rice samples from the black hull awned (BHA) and straw hull awnless (SH)
groups reported in Burgos et al. (2014). Our total number of samples was 186.
One individual per accession was grown at the University of Massachusetts
Amherst. Approximately 100mg of green leaf tissue was collected from each sample.
12

A Retsch Mixer Mill MM400 with 3.2 mm stainless steel beads (BioSpec Products)
was used for tissue grinding, and DNA extractions were performed with Qiagen
DNeasy Miniprep Kits (Qiagen, MD, USA). DNA was quantified with a Qubit2.0
Fluorometer following the instructions in the Qubit dsDNA HS Assay Kit.

2.2.2 GBS library preparation and sequence analysis

Genotyping by sequencing (GBS) (Elshire et al., 2011) was performed at the
Cornell University Institute of Biotechnology to detect genome-wide polymorphisms.
DNA samples were digested with the enzyme ApeKI, and the fragments were ligated
with individual barcoded and common adapters. DNA fragments were pooled for PCR
amplification, and 100 base pair (bp) fragments were single-end sequenced on an
Illumina HiSeq 2000 platform. Initial data processing was also performed at Cornell
with the standard Tassel pipeline (Bradbury et al., 2007). Reads were aligned to the
MSU6 rice genome using Burrows-Wheeler Aligner (BWA) (Li and Durbin, 2009).
Sites containing more than two SNP variants were eliminated. The minimum minor
allele frequency was set to 1%. GBS quality results are included in Figure S1. Further
filtering was performed in-house to remove SNP with > 10% missing data and
individuals with > 95% missing data. SNP adjacent to mononucleotide repeats of five
bp or more were also removed. We obtained a total of 51934 SNP, which were fairly
evenly distributed among chromosomes (Figure S1). Raw reads were submitted to the
NCBI Short Read Archive (SRA) under experiment (SRX576894).
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2.2.3 Population structure and phylogenetic analyses

High-quality SNP were analyzed for population structure using STRUCTURE
(version 2.3.3, Hubisz et al., 2009). Due to dataset size limitations of the program
(Pritchard et al., 2000; Falush et al., 2003), we randomly selected approximately
10,000 SNP for each STRUCTURE analysis with an approximate15,000 bp spacing.
As cultivated and weedy Oryza are highly self-fertilizing, and even wild Oryza
species have a tendency to self (Oka, 1974), we recoded heterozygous calls as “N”
and ran all simulations with the data coded as haploid. STRUCTURE was given no
prior information on ancestral populations and was run with a model with admixture
and no correlated allele frequencies. K values were varied from 1 to 15, and three
replicates were run per K using a 100,000 burn-in period and 500,000 subsequent
replications. The best K was detected based on Evanno et al. (2005) method. For
comparison, we also analyzed our complete SNP dataset with the Bayesian clustering
analysis fastStructure (version 1.0, Raj et al., 2014) with no prior grouping.
FastStructure runs were conducted for K from 1 to 15, and the optimal number of
clusters was determined using the chooseK.py program in fastStructure.
SmartPCA from Eigensoft (Patterson et al., 2006; Price et al., 2006) was
applied to investigate the genetic divergence among individuals using the full set of
SNP. The four outgroup accessions were excluded from the Principal Component
analysis (PCA), due to their outlier status.
Basic population genetics statistics for each Oryza subgroup determined by
STRUCTURE and PCA results were calculated with Arlequin (ver 3.5.2.2, Excoffier
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and Lischer, 2010) using the full set of SNP. AMOVA, molecular diversity indices and
pairwise FST were computed for each subgroup.
RAxML (Randomized

Axelerated

Maximum

Likelihood)

version

8

(Stamatakis, 2014) was used to infer the phylogeny of the complete 186 Oryza
accessions based on the full set of SNP. We used the RAxML HPC2 on XSEDE tool
carried by the CIPRES portal http://www.phylo.org/, with a GTRGAMMA model and
a bootstrap of 100. Since our input sequences are concatenated SNP, we used the
ascertainment bias correction (ASC) setting. The highest likelihood tree was plotted
using iTOL v3 (Letunic and Bork, 2016).

2.2.4 Phenotypic Characterization of Oryza plants

All accessions were phenotyped for seed morphology. We classified hull color
as black or straw, seed pericarp color as red or white, and awns as present or absent
(Table S2.1). A subset of accessions chosen to represent Oryza groups identified by
STRUCTURE and PCA was further phenotyped for five growth traits (see below)
believed to be diagnostic or adaptive in weedy rice. The subset included 50 weedy
rice, 14 aus, 14 indica and 16 O. rufipogon/O. nivara accessions. Three replicates of
each accession were grown in a randomized design distributed across two Conviron
PGW36 growth chambers, under 11 hour day length with 25oC temperature, until 30
days after flowering.
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Days to flowering was measured as the number of days from germination to
the time the first panicle emerges 50% from the sheath (Reagon et al., 2011). Height
was measured at first flowering as the distance from soil surface to panicle base. Tiller
number was also recorded at flowering. Emergence growth rate was calculated as
plant height at ten days divided by ten. Seed shattering was measured as breaking
tensile strength (BTS) of seeds 30 days after flowering using the method described in
Thurber et al. (2010); lower BTS values correspond to stronger shattering. We
randomly chose three seeds on three different panicles of the same plant, and the
averages from nine seeds were used for each individual.
We used PCA to summarize the phenotypic divergence among the Oryza
groups. The five phenotypic traits described above were decomposed into two
primary axes of variation and plotted to show differentiation. All calculations were
performed with the R package pcaMethods (Stacklies et al., 2007), using the
correction for missing data option. Raw data were mean centered and scaled based on
unit variance before running the PCA.
To test for trait differences among groups, we first tested for chamber effects
on each of the five traits. The parametric trait (height) was analyzed by two-way
ANOVA taking into account both chamber and Oryza group factors. For
non-parametric traits with chamber effects, measurements from one chamber were
analyzed with Kruskal-Wallis tests; non-parametric traits without chamber effects
were analyzed for both chambers with Kruskal-Wallis tests.
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2.2.5 Coalescent analysis on the demographic history of weedy rice

To further investigate how demographic processes may have influenced the
evolution of aus-like weedy rice we used an approximate Bayesian computation
(ABC) approach implemented in the program DIYABC v. 2.10 (Cornuet et al., 2014).
We compared three demographic scenarios: 1) South Asian aus-like weedy rice
evolving directly from within the aus cultivated rice group 2) aus-like weeds evolving
from wild O. rufipogon/O. nivara, and 3) aus-like weedy rice evolving from a
hybridization event between aus and O. rufipogon/O. nivara. To reduce computing
time, all analyses were based on a subset of 1571 SNP (out of an original 51934 SNPs)
that had a minimum minor allele frequency of 5% and no missing data. We considered
our dataset as haploid due to the high selfing rate in rice. Priors for timing of
divergence between aus and O. rufipogon/O.nivara were based on previous estimates
for rice domestication, and ranged from 10 to 15,000 years. We set the divergence
time between weedy rice and its prospective progenitor population to be less than or
equal to that of the timing of domestication and with a prior which ranged from 10 to
10,000 years, assumed to follow a uniform distribution. Demographic scenario
selection and parameter estimates were based on a total of three million simulations
(one million per scenario) as suggested by DIYABC instructions. Posterior
probabilities of the three scenarios were calculated by direct estimation and logistic
regression considering between 500 and 30,000 datasets that were closest to the
observed values. Model selection was based on summary statistics transformed by
linear discriminant analysis (LDA). Based on the demographic scenario with the
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highest posterior probability, we estimated the posterior distribution of all
demographic parameters.

2.2.6 FST scan and outlier detection

We performed population genomic scans to identify SNP-specific high FST
outliers using both BayeScan v 2.1 (Foll and Gaggiotti, 2008) and LOSITAN (Antao
et al., 2008), in order to compare the results obtained with these two distinct methods.
LOSITAN uses the island model as a null distribution of FST, while BayeScan
assumes that population have diverged independently from a common ancestor. Loci
with minor allele frequency of less than 5% were removed from the dataset. Sites with
heterozygote calls occurring in more than 20% of the accessions were also removed to
limit effects of possibly misaligned paralogous loci. FST scans were carried out
separately for each weed group and its putative cultivated ancestor, and for the aus
and indica cultivated groups.
For BayeScan, the “snp” option was applied to recognize the matrix of SNP
genotypes as input data. The analyses were run using default settings that included 20
pilot runs of 5000 steps each, followed by 50,000 burn-in and 5000 sampling steps
with a thinning interval of 10. The prior odds parameters were set to the default of 10.
False Discovery Rate (FDR) was set to 0.1 with the plot_BayeScan R function for
outlier detection. For LOSITAN, 50,000 simulations were run on the same dataset
with default parameters. Both the “neutral mean FST” and “force mean FST” options
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were used. Loci outside the 95% confidence interval and those with FST = 1 were
considered outliers.
High FST outlier SNP were considered candidates for positive selection under
population divergence. We identified all genes containing outlier SNP based on the
MSU6 reference genome annotation. To identify functional terms overrepresented
among the list of candidate genes, we performed gene ontology (GO) term enrichment
with agriGO (Du et al., 2010), using the Oryza sativa MSU6.1 nonTE genome as
background. Significance was evaluated using a hypergeometric statistical test, with a
Hochberg FDR multiple correction and a significant cutoff of 0.05; the minimum
number of mapping entries was set to two.

2.3 Results

2.3.1 The origins of South Asian weedy rice

We obtained 50,557 high quality GBS SNP using the 165 Asian (South and
Southeast Asia) and outgroup Oryza samples. To investigate population structure, we
first used this entire set of SNP in a PCA (Figure 2.1b, Table S2.2). Two tight, but
slightly overlapping clusters of indica and aus cultivated rice groups are evident,
consistent with the close evolutionary relationship between these cultivars (e.g.
McNally et al., 2009). The japonica cluster is well differentiated from indica and aus,
but is more diffuse, likely because it contains accessions belonging to three cultivar
groups within the japonica lineage: tropical japonica, temperate japonica and
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aromatic. In contrast to cultivated Oryza, wild rice accessions do not form a cluster
and are scattered along the axes of both principal components, consistent with the
higher levels of genetic diversity in this group (Caicedo et al., 2007, Huang et al.,
2012). Some overlap with the various cultivated O. sativa groups is reflective of the
status of this species complex as ancestral to domesticated rice. Interestingly, South
Asian weedy rice is similarly scattered along both principal component axes. Many
accessions overlap with the indica and aus groups and with various wild rice
accessions, but several weedy samples do not cluster with defined groups. The PCA
result suggests that South Asian weeds have great heterogeneity in genetic
background.
To further investigate relationships between South Asian weedy rice and other
Oryza groups, we carried out STRUCTURE analysis on the same panel using a subset
of 10295 SNP. A clear peak in ΔK (Evanno et al., 2005) occurs at K=2 populations
(Table S2.3) and in this model the indica and aus groups are differentiated from
japonica, a subset of wild rice, and the outgroup species (Figure 2.1c, Table S2.4).
Two types of South Asian weedy rice are also evident.
Because the Evanno method can underestimate K when there is hierarchical
population structure (eg. Waples and Gaggiotti, 2006, Vigouroux et al., 2008), we also
examined population models at the two other ΔK peaks: K=4 and K=7 (Figure 2.1c,
Table S2.3). The K=4 model is generally consistent with PCA results (Figure 2.1b, c,
Table S2.4). The three cultivated O. sativa groups, indica, aus and japonica, comprise
three mostly distinct populations, and these groups are also largely differentiated from
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wild rice, which has a more heterogeneous genetic background. South Asian weedy
rice comprises a mix of possible ancestries, with primary contributions from aus,
indica and wild rice. While some weedy individuals have admixed backgrounds, three
distinct sub-groups of weedy rice can be differentiated based on our population
genetics results: we have designated these as the aus-like, indica-like and wild-like
weedy groups. The K=7 results, which also correspond to the highest likelihood
model, mirror those of K=4, with greater heterogeneity in wild rice and in aus and
wild rice ancestries in weeds but no identification of further groupings (Figure 2.1c,
Table S2.4). Our STRUCTURE results were also consistent with results using
fastStructure and the full set of SNP (Figure S2.2).
Both PCA and STRUCTURE detected aus-like (29), indica-like (5) and
wild-like (10) groups among the South Asian weedy rice samples. Hereafter in the
manuscript we define each of these weed groups as comprising individuals with at
least 80% ancestry from each given ancestral population in the K=4 STRUCTURE
results (Table S2.4). For wild-like weeds, this implies a minimum of 80% ancestry
from the “red” wild rice group (Figure 2.1c). Remaining weeds are classified as
admixed (15). FST measures supported relationships between weedy groups and
putative ancestors (Table S2.5). Basic population genetic statistics revealed similar
levels of diversity in weedy groups and putative ancestral cultivar groups, suggesting
that South Asian weeds may not have gone through overly strong bottlenecks (Table
S2.6).
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Most weedy rice samples in our study were collected from four distinct
geographic regions: South India and Sri Lanka, Central India, North India and Nepal,
and Northeast India and Bangladesh (Figure 2.1a, Table S2.1), consistent with the
extent of rice agriculture in these regions. Additional collections came from Myanmar
and Pakistan. Taking into consideration genetic similarity, it is evident that weedy rice
samples tend to cluster within geographic regions of South Asia (Figure S2.3). A
Fisher’s exact test detected high correlation between weed population structure and
the four main geographic regions (P = 0.00028) (Table S2.7). Aus-like weeds are the
most common group, but they are excluded from South India and Sri Lanka.
Indica-like weeds only occur in the two northern regions. Wild-like weeds are
confined to South India and Sri Lanka as well as North India and Nepal. The largest
diversity of weed types occurs in North India and Nepal (Table S2.1, Table S2.5).

2.3.2 Phenotypic characterization of South Asian weedy rice

To examine phenotypic trends across Oryza groups, we defined weedy groups
as aus-like, indica-like and wild-like using the genetic structure criteria outlined
above, and also limited each cultivar group to individuals with at least 80% ancestry
from that group in the K=4 STRUCTURE results. We excluded japonica from
analyses, due to its very limited contribution to South Asian weeds. Due to great
genetic heterogeneity, all wild rice samples were grouped together.
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Among seed traits, red pericarp color is one commonly associated with weedy
rice (Ziska et al., 2015), and is a trait common in the wild ancestor of cultivated rice
but rare in cultivated rice (Sweeney et al., 2006). As expected, most wild rice
accessions in our study have red pericarps, while white pericarps dominate the indica
cultivated variety (Table 2.1). Notably, however, many aus and indica cultivars from
South Asia do have red pericarps despite their domesticated status. Red pericarps are
dominant in all groups of South Asian weedy rice, but especially so in the aus-like
and wild-like groups (Table 2.1).
Black hull color, another trait common to wild rice (Zhu et al., 2011) is
common in our wild Oryza group and its weedy relatives. Although aus accessions
tend to be straw hulled, aus-like weeds are commonly black hulled (Table 2.1). In
contrast, both indica cultivars and indica-like weedy rice tend to have straw colored
hulls. Awns are rare in cultivated groups, particularly indica, and common in wild rice.
However, there is a high incidence of awns across weedy groups, with awns
particularly dominant in wild-like and aus-like weeds (Table 2.1). In general,
compared to cultivated groups, weedy rice groups have a high occurrence of red
pericarp and awn presence. Wild-like weeds and wild rice share similar percentage of
red pericarp, black hull and awn presence.
We characterized a subset of our accessions for various growth-related traits.
While growth under artificial chamber conditions is unlikely to be identical to that in
a native environment, we used this as a means to explore if weedy rice populations
differed phenotypically from their related groups (Table S2.8). In a PCA of the growth
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trait data there is extensive evident scatter in all groups (Figure 2.2; Figure S2.4;
Table S2.9). The 50% concentration ellipse suggests much phenotypic overlap
between the aus and indica cultivar groups, and no overlap between these groups and
wild rice. Weedy rice overlaps both with cultivars and wild rice, indicating phenotypic
resemblance to the three Oryza groups. Geographically, weedy rice accessions from
South India and Sri Lanka tend to cluster together along PC1, as well as Central India
(Figure S2.4). Other weed groups seem to have greater heterogeneity in growth traits.
In general, Asian weedy rice displays a moderate emergence growth rate and
tiller number compared to cultivated and wild rice, a range of heights at flowering, a
low to moderate number of days to flower, and a high level of seed shattering (Table
2.2). Significant differences for some growth traits are evident among weed groups,
and between weedy groups and their closest relatives. Wild-like weeds, in particular,
shattered significantly more and flowered significantly earlier than at least one weed
group in our conditions (Table 2.2, Table S2.8). Wild-like weedy rice also flowers
significantly earlier than wild rice. For crop-like weeds, both aus-like and indica-like
weedy rice shatter significantly more than their cultivar relatives, making this the
phenotype where crop-like weeds most obviously diverged from their putative
ancestors (Table 2.2). Aus-like weeds also flower significantly later than aus cultivars.
Despite the relative ease of seed shattering in weed groups, surprisingly low
levels of shattering were observed in some weed samples (e.g. arr54, arr29; Table
S2.8). This is unexpected, as easy shattering is a trait that is often considered
diagnostic of weedy rice. In weeds classified as admixed based on STRUCTURE
24

analyses, this could be due to introgression from crops. No obvious differences in
genomic background based on STRUCTURE were observed between low-shattering
and high-shattering samples belonging to aus-like or indica-like weed groups,
however. Rare low shattering individuals could represent accessions that have lost the
high-shattering trait due to introgression with crops undetected by our analysis due to
the overall similarity between crop and weed genomic backgrounds, or could be due
to favoring of low-shattering genotypes when the weed seed is harvested with the
crop and a portion of this seed is used for next year’s cultivation.

2.3.3 The relationship between US and South Asian weedy rice

Previous research has shown that two main genetically differentiated types of
weedy rice occur in the United States, which are also largely distinguishable in
morphological traits. Known as SH, for their straw-hull awnless seed morphology,
and BHA, for their predominantly black-hull awned seeds, these weedy groups seem
to have arisen from indica and aus cultivated ancestors, respectively (Londo and
Schaal, 2007, Reagon et al., 2010). However, neither of these domesticated rice
varieties has ever been commercially cultivated in the US, while both are typically
grown in South Asia. Additionally, the occurrence of weedy rice populations in South
Asia with genetic resemblance to aus and indica cultivated groups gives rise to the
question of whether US weeds could be derived directly from South Asian weeds.
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We carried out a PCA on 45,249 SNP from South Asian weedy rice (59) and
US weedy rice of both the BHA (11) and SH (6) groups (Figure S2.5a, Table S2.10).
The US weed groups are clearly differentiated along PC2, consistent with previous
studies (Reagon et al., 2010). South Asian weeds are more diverse, but some lie close
to US weeds (Figure S2.5a). A similar pattern is seen in the STRUCTURE analyses
(Figure S2.5b, Table S2.11, and Table S2.12). In the highest ΔK model, K=5
populations, some Asian weedy rice groups share genomic background with BHA and
SH, but Asian weeds also show more heterogeneous background than SH or BHA
groups.
To further investigate relationships among all Oryza populations, we carried
out a STRUCTURE analysis with all 186 weedy, wild and cultivated accessions from
Asia and the US. In the highest ΔK model with K=4 populations (Figure S2.6, Table
S2.13, Table S2.14), BHA weeds, aus cultivars and some Asian weeds clearly share
ancestry, while SH, indica and a separate set of Asian weeds also share ancestry.
Remaining Asian weeds seem more similar to wild rice. These results were also
confirmed by fastStructure (Figure S2.2)
We also constructed a maximum likelihood tree with the full set of SNP
(51934) from all samples (Figure 2.3). As expected, BHA US weeds are nested within
the clade that includes aus cultivars and related Asian weedy rice, and SH weeds are
nested within a clade that includes indica cultivars and Asian weedy rice. Strikingly,
both US weed groups are monophyletic and do not group with any Asian weeds.
Instead, their sister taxa are cultivars, suggesting that both US weed groups stem from
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single colonization events in the US, and both represent direct de-domestication
events from cultivated ancestors. Curiously, of the two closest indica cultivars to SH
weeds, one is from Southeast Asia, suggesting the possibility that SH origins could be
from South Asia or Southeast Asia.
In contrast to US weeds, the relationship patterns seen for Asian weedy rice
are more varied. Neither indica-like weeds nor aus-like weeds are monophyletic,
which suggests they could have arisen more than once. All indica-like weeds are
nested within clades of indica cultivars, suggesting de-domestication origins for these
weeds (Figure 2.3). Some admixed weedy accessions with a high proportion of indica
ancestry (e.g. arr82, arr27, arr37; Table S2.4) appear basal to the indica clade,
suggesting origins from wild ancestors that gave rise to indica, or hybridization with
wild rice. In contrast to indica-like weeds, no aus-like weed accessions nests within
the main aus cultivar clade (Figure 2.3). Instead, most aus-like weeds form a sister
clade to aus cultivars and US weedy rice, and some are basal to the entire aus and
aus-like clade.
Because the origin of aus-like weeds is not immediately obvious from the tree
topology and observed bootstrap support, we carried out coalescent analyses to
determine if aus-like weeds arose through de-domestication from aus cultivars,
descent from wild ancestors prior to domestication of aus, or hybridization between
wild and cultivated rice (Figure S2.7). Results strongly supported a scenario of
de-domestication, in which the majority of aus-like weeds arose from within the
cultivated aus group (logistic regression: 0.7796) (Figure S2.7, Table S2.15). The
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estimate for divergence times, while recent compared to other studies on aus
domestication (~ 6000 years) (Choi et al., 2017), support weedy rice divergence after
the divergence of aus from O. rufipogon (Table S2.16).
As suggested by the population structure analyses, wild-like weedy rice
samples from South Asia occur within a clade that also contains O. rufipogon and O.
nivara, and are clearly more closely related to these than to the outgroup species
(Figure 2.3). Thus wild-like weedy rice likely descends directly from wild
populations.

2.3.4 FST outlier scans for potential weedy trait-related loci under selection

We conducted FST outlier scans to detect loci that are highly differentiated
between the various weed groups and their putative ancestral/closest relative groups.
We excluded wild-like weedy rice and focused on weed-crop comparisons from both
the US and Asia, for two reasons. First, many of the traits favored during
domestication are traits that seem to have been reversed during weed evolution
(Thurber et al., 2010, Reagon et al., 2011, Ziska et al., 2015); thus, we expect clear
signals of positive selection on genes underlying such traits in weed strains that are
descended from or related to cultivated rice. Second, the four weed-crop comparisons
include weed groups that originated separately from similar cultivated ancestors (e.g.
BHA and aus-like weeds; SH and indica-like weeds), as well as weed groups that
have adapted to the same geographic areas (e.g. BHA and SH; aus-like and
28

indica-like); this provides a framework for examining the extent of parallel genetic
evolution in each case. In order to identify loci and functional terms exclusive to weed
evolution rather than divergence between any two O. sativa populations, we also
conducted FST outlier scans on aus vs indica cultivars.
In all cases, LOSITAN yielded a greater number of high FST SNP outliers than
BayeScan (Table 2.3). No clear pattern was observed between methods for outlier
numbers among different comparisons. For all comparisons, we identified the set of
outlier SNP shared between LOSITAN and BayeScan (hereafter overlap outliers), and
the set composed of SNP that appear in the LOSITAN or BayeScan results (hereafter
union outliers). In general, a high proportion of outlier SNP was found to be located
within gene coding regions, consistent with the proportion (~70%) among all SNP
tested (Table 2.3). We thus confined ourselves to gene coding regions and identified
the genes containing outlier SNP. These genes were considered to be possible
candidates for evolution under positive selection during weed-crop divergence or crop
variety divergence.
We first focused on genes in the overlap lists (Table S2.17).The number of
SNP outliers overlapping between the two methods was small and no shared outliers
were detected for the SH-indica comparison. For the remaining weed-crop
comparisons, no candidate genes were shared among the overlap lists. We looked at
possible gene function in each list by considering rice genome annotations, biological
process gene ontology (GO) terms, and the function of Arabidopsis thaliana
orthologous genes (Table S2.17). In general, no gene function or lower level GO term
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is shared exclusively among weed-crop comparisons and not present in the crop-crop
comparisons. However, there are a number of genes potentially affecting pollen
germination and tube growth that occur across all comparisons (Table S2.17). Other
processes shared by more than one pair of comparisons include hormone (particularly
gibberellin) pathways, and biotic and abiotic stress responses. An interesting trend is
that in most comparisons, series of candidate genes are located closely in the genome.
This suggests that some outlier SNP lie in areas likely that have undergone selective
sweeps, compounding the already extensive levels of linkage disequilibrium (LD) that
exist in rice (LD breakdown in different cultivar groups can range from 75 to 500 Kb
(Mather et al., 2007)), and making it more difficult to identify the gene targeted by
selection. In all, however, the overlap lists results do not reveal any trends exclusive
to weed evolution.
Because BayeScan and LOSITAN use different methods to detect outliers, we
then focused on genes containing outlier SNP from the union lists. Nine candidate
genes were shared among all four weed-crop comparisons, and were not present in the
crop-crop comparison (Table 2.4). No functional trend was observed for these shared
genes. We also examined union lists for each comparison for overrepresented
Biological Process (BP) GO terms. The aus-indica comparison had the smallest list of
union outliers and there were no significantly overrepresented biological process GO
terms. In contrast, between 13 and 61 significantly overrepresented terms were
detected for each crop-weed comparisons (Table S2.18). The top ranked significant
BP GO terms were strikingly similar among comparisons, with many terms related to
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metabolic processes, and the lowest level shared GO term among all being protein
amino acid phosphorylation (Table 2.5). Many of these metabolism-related GO terms
were also present in aus-indica FST outliers, although none were significantly
overrepresented as with the crop-weed comparisons.
As a separate approach, we looked for GO term overrepresentation in the list
of shared outlier genes in weed-crop comparisons grouped by ancestry or geographic
region, excluding genes present in the aus-indica comparison (Table S2.19). Shared
genes (105) between the two weed-crop comparisons with aus ancestry (aus-like vs
aus and BHA vs aus), had no significantly overrepresented GO terms. Shared genes
between the two weed-crop comparisons with indica were overrepresented for
numerous metabolic process related terms, much like for individual weed-crop
comparisons. When considering outlier genes shared between weed-crop comparisons
occupying the same geographic region, metabolic process related terms were again
significantly over-represented (Table S2.19). However, an additional category of GO
terms related to immunity was overrepresented among outlier genes shared by US
weed-crop lists; these were driven by the presence of two shared outlier genes
(LOC_Os07g11510 and LOC_Os07g11410) which have been implicated as seed
allergenic proteins (Wang et al., 2014) (Table S2.19).

2.3.5 Divergence in genes from previously characterized weedy syndrome related
pathways
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As evidenced by our phenotypic survey (Table 2.1, Table 2.2), certain traits
differentiate Asian weed groups from their cultivated relatives. Likewise, US weedy
rice groups have been documented as having greater seed shattering, higher incidence
of red pericarps and divergent flowering times compared to their ancestral groups
(Thurber et al., 2010, Gross et al., 2010, Reagon et al., 2011, Thurber et al., 2014).
Because traits that differentiate cultivated from weedy rice are often similar to those
that differentiate cultivated from wild rice, candidate genes associated with some of
these traits have been discovered in rice domestication studies. Following extensive
literature surveys, we thus examined if genes from pathways potentially involved in
weedy syndrome phenotypes contained SNP detected as outliers by BayeScan or
LOSITAN in any of our weed-crop comparisons. We focused on genes involved in
iconic weedy rice traits including seed shattering, pericarp and hull pigmentation,
seed dormancy, and flowering time variability, and genes involved in growth and
competitiveness traits including tillering, starch and cellulose synthesis, and
chlorophyll synthesis. For all candidate genes examined, absence of association with
an outlier SNP can be due to either absence of genotyped SNP in the locus, or lack of
differentiation in SNP genotyped at that locus (Table 2.6, Table S2.20). Below we
discuss only traits for which outlier SNP were detected. We also verified that no gene
identified as a crop-weed outlier was an outlier in the crop-crop comparison.
Genes encoding at least three of the enzymes in the anthocyanidin and
proanthocyanidin synthesis pathways (Furukawa et al., 2007, Gu et al., 2011), which
produce the pigments leading to the red pericarp phenotype, contained outlier SNP in
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various weed-crop comparisons (Table 2.6; Table S2.20). In particular, genes coding
for anthocyanidin glucosyltransferases (GT) are associated with highly diverged SNP
in all four weed-crop comparisons. Notably, more anthocyanin synthesis pathway
genes contain outlier SNP in weed groups related to indica than in those related to aus
ancestors (Table 2.6), consistent with the lower incidence of red pericarps in the
indica group (Table 2.1). Our analysis did not detect outlier SNP in the classic
pericarp pigmentation gene, Rc (Furukawa et al., 2007) due to the lack of genotyped
SNP; however, in the SH-indica comparison, the two markers closest to Rc,
(S6_6058740 and S6_6086630) are both highly divergent SNP, and in the BHA-aus
comparison, the closest SNP downstream of Rc (S6_6204793) is also an outlier.
Of the three major genes known to influence seed shattering in rice, only qSH1
(Konishi et al., 2006) was associated with outlier SNP in weed-crop comparisons, and
only in indica derived weeds (Table 2.6; Table S2.20). However, several genes in the
flowering time pathway contain high divergence SNP in three weed-crop comparisons
(Table 2.6; Table S2.20), consistent with flowering time divergence in various
weed-crop comparisons (Table 2.1; Thurber et al., 2014). Interestingly, these genes
are in relatively downstream positions in the pathway (Higgins et al., 2010). We
investigated why the gene Hd1, a regulator of Hd3a and major contributor to
flowering time diversity in rice (Takahashi et al., 2009), was not detected as
containing outlier SNP. In most comparisons the closest genotyped SNP were distant
from Hd1 (greater than 18Kb), decreasing the likelihood of detecting an association.
For the BHA-aus comparison, a SNP 8Kb away from the gene was genotyped but was
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not identified as an outlier, consistent with lack of divergence at Hd1 genes previously
reported for these groups (Thurber et al., 2014).
Of three known genes in the tillering pathway, only MOC1 was associated
with outlier SNP in SH-indica comparisons (Table 2.6; Table S2.20).The cellulose
synthesis pathway, which affects cell wall metabolism and has been reported to be
associated with plant architecture-related traits such as height, leaf morphology and
the brittle culm phenotype (Tanaka et al., 2003; Ding et al., 2015), contained four
genes with outlier SNP. These cellulose synthase genes were divergent in BHA vs aus
and indica-like vs indica comparisons (Table 2.6). The starch synthesis pathway,
which has been under selection in domesticated rice for cooking qualities (Waters et
al., 2006) and has likely experienced relaxation of selection in weedy rice, yielded one
gene with a highly divergent SNP between aus-like weeds and aus (Table 2.6).
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2.4 Discussion

2.4.1 Multiple independent origins for South Asian weedy rice from local wild
and cultivated genetic backgrounds

For several years, the different strains of weedy rice infesting cultivated rice
fields worldwide have been suspected of having separate evolutionary origins, but
only recently have systematic studies begun to be undertaken around the world (Ziska
et al., 2015). The region of South Asia encompassing sub-Himalayan countries had
not previously been well examined for weedy rice origins. Our results clearly show
that multiple weedy rice groups occur in South Asia and that their genetic
backgrounds are consistent with a close relationship to diverse local Oryza groups
(Figure 2.1b, c). These local groups correspond to the aus and indica cultivars, which
arose in South Asia (Civáň et al., 2015), and to wild rice (O. rufipogon/O. nivara),
which grows natively in the region. There is suggestive evidence that both aus-like
and indica-like South Asian weedy rice have arisen more than once, as neither group
is monophyletic (Figure 2.3). Interestingly, only in the case of indica-like weeds do
samples nest within clades containing cultivars, the signature of a de-domestication
event. However, coalescent analyses support de-domestication from aus cultivars as
the origin of aus-like weeds in South Asia (Figure S2.7). A possible explanation for
lack of nesting within the aus clade could be current aus cultivars representing only a
portion of the diversity of the originally domesticated aus population. In finding a
close relationship between weedy rice and cultivated rice groups our results
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complement those of weeds from the US (Reagon et al., 2010) and other areas (e.g.
Song et al., 2014).
A significant portion of South Asian weeds are most closely related to wild
rice in the region (Figure 2.1b, c and Figure 2.3). Ancestry of weedy rice from wild
rice relatives has often been suggested (Wet and Harlan, 1975), but it has not been
well documented, in part because many regions where weedy rice is an agricultural
problem do not harbor local wild germplasm (e.g. US) (Gealy et al., 2009) or because
wild samples have not been included in analyses (e.g. Ishikawa et al., 2005; Chung
and Park, 2010; Zhang et al., 2012; Sun et al., 2013; Qiu et al., 2014). However, wild
rice contributions have been detected in weedy rice populations in Malaysia and
Thailand (Prathepha, 2009; Pusadee et al., 2012; Song et al., 2014). Together with our
results, this shows that the wild ancestor species of cultivated rice can serve as a
source of weedy rice in some regions of Asia.

2.4.2 Weedy rice is an extreme example of recurrent evolution at a global level

The genetic heterogeneity of weedy rice from South Asia is consistent with at
least three, and likely more, independent evolutionary origins in this limited
geographic area. Additionally, our study revealed that US weed origins constitute yet
two more independent evolutionary events (Figure 2.3). US weedy rice groups are
most closely related to indica and aus cultivars (Reagon et al., 2010), but previous
sampling could not discern between direct US weed origins from South Asian
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cultivars, and from Asian weeds that in turn were related to Asian cultivars. Our
results are compelling in supporting an origin of each US weedy rice group directly
from cultivars through de-domestication. Though SH US weeds could also have
arisen from indica outside of South Asia (Figure 2.3), taken together, our results
suggest more than four separate evolutionary events giving rise to the organisms we
refer to as weedy rice in a single world region. Despite their separate origins, all these
groups have adapted to the same environment — cultivated rice fields — and all
function as agricultural weeds.
The plethora of weedy rice origins from Oryza groups native to South Asia
suggests that weedy rice is an extreme example of recurrent evolution. Weedy rice
studies in other world regions furthermore suggest that this recurrent evolution is
occurring at a global scale. Though not all rice-growing regions have been equally
surveyed, and relationships among world weedy rice groups will require
characterization with common markers, the evidence so far indicates additional
independent origins in other regions. This includes indica and japonica origins in
Korea (Chung and Park, 2010) and China (Zhang et al., 2012), and local elite cultivars
and wild origins in Malaysia (Song et al., 2014). Remarkably, rice cultivars seem to
be the most common source of weedy rice, raising concerns of how agricultural
practices contribute to the rise of economically devastating weeds.
Many other crop species also have weedy relatives that infest agricultural
environments. These include weedy radish (Klinger et al., 1992; Snow et al., 2001),
johnsongrass and shattercane, which are weedy types of sorghum (Paterson et al.,
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1995; Arriola and Ellstrand, 1996; Anderson et al., 1998), weedy beets (Ford-Lloyd
and Hawkes, 1986), weedy finger millet (Samarajeewa et al., 2006), and weedy
sunflowers (Whitney et al., 2006). Whether extensive repeated evolution is common
in other crop-related weed groups is currently unknown. There is some evidence that
weedy sunflowers may have evolved multiple times from wild ancestors (Kane and
Rieseberg, 2008). However, most agricultural weed species have not been extensively
studied with respect to their origins.
The impressive scale at which recurrent evolution is occurring for weedy rice
is perhaps comparable to another famous system, the threespine stickleback
(Gasterosteus aculeatus) (Jones et al., 2012), which has independently adapted to
many different freshwater habitats from marine habitats. However in the case of
weedy rice, a more varied set of ancestors serves as source populations (both
cultivated and wild Oryza). The extreme repeated evolution of weedy rice at a global
scale presents an unprecedented opportunity to examine convergence and parallelism
at the phenotypic and genetic levels.

2.4.3 Phenotypic convergence for weediness most likely does not involve the same
genetic mechanisms

Several traits have often been considered typical of weedy rice. These include
red pericarp, seed dormancy, seed shattering, and traits related to flowering time and
competitive growth. As more systematic surveys of weedy rice around the world have
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accumulated, however, it has become clear that there is variation for what are thought
of as weediness traits; for example, some weedy populations in temperate areas do not
have seed dormancy (Xia et al., 2011). This is of importance, as understanding what
minimal set of shared traits are necessary for a plant to be weedy can have an impact
on management strategies and on identification of plant groups most likely to give
rise to agricultural weeds.
In our survey of a set of traits, red pericarp and easy seed shattering were the
most highly convergent traits among weedy groups (Table 2.1, Table 2.2, Table S2.8).
Though not present in every individual, weedy rice in South Asia has a high
proportion of red pericarp despite aus, indica or wild rice ancestry (Table 2.1). The
prevalence of red pericarps among weed groups suggests that proanthocyanidins in
the pericarp may confer an advantage to weeds, perhaps through deterrence against
pathogens and predators or increased seed dormancy (Shirley, 1998; Gu et al., 2011).
Consistent with the high incidence of red pericarps in South Asian and US weeds,
genes in the anthocyanidin and proanthocyanidin synthesis pathway were detected as
FST outliers in all four pairs of weed-crop comparisons (Table 2.6).
Seed shattering, which leads to efficient seed dispersal, has long been
considered a trait that increases reproductive fitness in weedy rice. South Asian weeds
with diverse ancestry tend to have a greater seed shattering compared to cultivated
varieties (Table 2.2). Other weedy rice phenotype studies also report high shattering in
the US (Thurber et al., 2010) and in Japan (Akasaka et al., 2011). Despite the
convergence in shattering among South Asian and US weed groups, we did not detect
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outlier SNP in known shattering candidate genes in all weed-crop comparisons (Table
2.6). This is consistent with reports that the domestication sh4 gene does not influence
the shattering phenotype in US weeds (Thurber et al., 2010), and that shattering has
likely re-evolved the through distinct genetic mechanisms in US weed groups
(Thurber et al., 2013; Qi et al., 2015).
As might be expected, a shared genetic background seems to have a large
impact on the degree of convergence of weedy traits. Both BHA and aus-like weeds
are predominantly black hulled and awned, while SH and indica-like weeds are
predominantly straw hulled and awnless (Table 2.1) (Reagon et al., 2010), suggesting
that weedy rice groups that originated from similar ancestors are likely to harbor
similar seed morphology traits. Remarkably, the convergence between aus-related
weed groups holds even though aus cultivars are neither predominantly black hulled
nor awned (Table 2.1). This suggests that these traits might convey an advantage to
weedy rice, and they are favored when the standing variation of the ancestor makes
evolution of the traits possible. Despite this convergence among aus-related groups,
we did not detect FST outliers among awn and hull color candidate genes examined.
While not convergent, flowering time in weedy rice is an interesting trait, as it
shows significant variance among South Asian weed groups: wild-like weeds flower
earliest while aus-like weeds flower latest (Table 2.2). Variation in flowering time
among weedy groups colonizing the same environment has also been previously
reported for US weeds (Reagon et al., 2011; Thurber et al., 2014). Moreover, as in US
weeds, we also detected divergence in flowering time between weeds and their related
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groups. Though five candidate flowering genes were highly divergent in three out of
our four weed-crop comparisons, very rarely were the same genes detected as outliers
among more than one comparison. Different allelic combinations among multiple
genes in the rice flowering pathway may contribute to the high variance in flowering
time strategies in weedy rice populations, making this an intriguing example of
emphatically non-parallel phenotypic evolution in a recurrently evolving group.
Our phenotype-agnostic genome divergence scans suggest a lack of
convergent evolution at the level of individual genes in weeds evolving from
cultivated backgrounds. At a higher functional level, however, FST outlier lists from all
four weed-crop comparisons contained an excess of genes associated with various
metabolic processes. This suggests that weedy rice evolution in general may be
characterized by an increase in divergence in genes involved in various primary
metabolic processes, with an emphasis on protein phosphorylation (Table 2.5). While
this could implicate genes involved in signal transduction in the divergence of crops
from weeds, it provides no information about the pathways that may be involved.
Strikingly, pathogen defense genes, which are often among the most quickly
evolving genes in genomes did not seem to overly contribute to highly diverged genes
between weed and crop groups (Bishop et al., 2000). There was also no strong signal
of shared genetic mechanisms among weed groups adapted to the same world region
(US weeds or Asian weeds), nor among weeds evolving from similar genetic
backgrounds (e.g. aus derived weeds, indica derived weeds). Taken together, our
results and those of others suggest that despite being a weed group that can evolve
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repeatedly in time and space, weedy rice groups converge phenotypically on only a
few key traits. Moreover, at the genetic level very few genes are consistently being
recruited for weed evolution, and genetic mechanisms involved in weed evolution are
only shared among weed groups at very broad functional levels. Thus there seem to
be multiple genetic paths to evolve weedy rice and possibly only a few constraints on
the phenotypes that can contribute to successful weeds. The remarkable ease with
which weedy rice can recurrently evolve at a global level makes the management of
the noxious weedy rice more complicated.
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Table 2.1. Seed morphology characteristics observed in the South Asian Oryza groups defined by
population structure analyses.
Oryza groups
weedy rice
aus-like
indica-like
wild-like
admixed
aus
indica
wild rice

No. of
accessions
59
29
5
10
15
26
24
29

Pericarp Color
red
white
29
3(100%)
(60%)
9 (90%)
9 (64%)
12 (46%)
5 (21%)
28 (97%)

0 (0%)
2 (40%)
1 (10%)
5 (36%)
13
19
(50%)
1(79%)
(3%)

Hull Color
black
straw
24
0(83%)
(0%)
9 (90%)
8 (53%)
3 (12%)
5 (21%)
23

5 (17%)
5
1(100%)
(10%)
7 (47%)
22
19
(85%)
6(79%)
(21%)

Awn Presence
present
absent
23 (79%)
2 (40%)
10
9(100%)
(60%)
5 (19%)
0 (0%)
24 (83%)

6 (21%)
3 (60%)
0 (0%)
6 (40%)
20 (77%)
23 (96%)
5 (17%)

(79%)
Oryza group designation is based on at least 80% ancestry from each given ancestral group in the K=4
STRUCTURE results (Table S2.4). Numbers represent the counts of accessions with the phenotype
described in the column. Numbers in parentheses are percentages of accessions with the phenotype
described.
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Table 2.2. Average values for growth related traits in the South Asian Oryza groups defined by
population structure analyses.Emergence
No. of
growth rate at
accessi
10 days
ons
(cm/day)1
P-value
P-value
(Kruskal-Wallis
aus-like
weed
(ANOVA)
)
indica-like
wild-like weed
weed
aus
indica
wild rice

16
5
10
10
10
11

Days to

Height at
flowering (cm)

2

flower
(day)3

Tiller
number

Shattering
4

(g)5

0.095
NA

NA
0.016

1.10X105
NA

0.018
NA

2.08X10-12
NA

2.40(0.73)
2.40(0.90)
2.53(0.80)
2.61(0.62)
2.73(0.94)
1.87(0.92)

44.97(11.81)ab
43.72(6.53)ab
36.93(10.97)b
48.92(16.52)a
42.91(14.59)ab
44.40(12.66)ab

127.77(2
119.88(8.
0.18)a
102.53(1
63)ab
112.22(1
7.60)c
104.00
2.19)bc
139.9(43.
(14.53)bc

8.56(4.09
10.13(6.4
)c
11.42(4.9
0)abc
8.50(2.59
0)ab
6.60(2.67
)c
13.11(5.9
)c

4.61(9.54)c
17.46(16.7
4.20(13.86)
1)b
c
20.72(18.0
29.69(15.7
4)ab
2.47(5.37)
5)a c

Numbers in parentheses represent standard deviations. Significant P-values
27)a are in bold.
3)a
Letters beside each measurement indicate significant differences between groups determined by
TukeyHSD for normally distributed data and BH P value adjustment method for non-normally
1
Chamber effect
distributed
data. detected. Only measurements from chamber 1 were used in analyses. P-value of group
2
Chamber
effect detected. The group factor P-value from a two way ANOVA test is reported. The
effect is reported.
P-value for chamber factor is 0.00025, and the chamber x group P-value is 0.031.
3
Chamber effect detected. Only measurements from chamber 1 were used in analyses. P-value of group
4
Chamber
effect detected. Only measurements from chamber 1 were used in analyses. P-value of group
effect
is reported.
5
No
chamber
effect detected for this trait. P-value of group effect is reported.
effect is reported.
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Table 2.3. Summary of high FST SNP outliers from BayeScan and LOSITAN analyses
Comparisons

Total

between Oryza

SNP

1

groups

aus-like (29) vs aus
BHA (11) vs aus (25)
(25)
indica-like (5) vs
SH (6) (23)
vs indica (23)
indica
aus (25) vs indica

tested
16370
18086
(11231)
15480
(12094)
15077
(10627)
22819
(10312)

BayeSc
an FST

LOSIT
AN FST
2

No. of
outliers
detected by
BayeScan

0.19
0.35
0.06
0.39
0.39

0.21
0.34
0.06
0.42
0.49

115 (87)
45 (31)
14 (13)
0 (0)
52 (41)

No. of
outliers
detected
by
LOSITAN

Overla
p
outlier

Union
outliers
4

s3

882 (577)
2788
2797
(1917)
3974
(1910)
466
(323)
(2773)

33
17
(22)
14
(11)
0(13)
(0)
45

964
2816
(636)
2797
(1937)
3974
(1910)
473
(2773)

Numbers
in parentheses (15752)
represent outlier SNP that lie within gene coding regions.
(23)
1
Sample sizes are indicated in parentheses.
2
Values correspond to the dataset FST values reported by LOSITAN
3
Numbers of outliers that overlap between the BayeScan and LOSITAN results.
4
Numbers of outliers that form the union of both BayeScan and LOSITAN results.

(32)

(329)
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Table 2.4. Candidate genes highly divergent across all four weed-crop comparisons that are not
outliers in the crop-crop comparison.
MSU Locus
LOC_Os03g03920
LOC_Os03g12180
LOC_Os03g12440
LOC_Os06g05750
LOC_Os06g17220

Annotation

GO term

Ubiquitin family domain containing
protein, expressed
MA3 domain containing protein,
expressed
zinc-binding protein, putative
transferase family domain containing
protein, expressed
UDP-glycosyltransferase,

putative,

expressed

molecular function
biological process
biological process
metabolic process
metabolic process

phytosulfokine receptor precursor,

response to stress,signal transduction,

putative, expressed

protein modification process

LOC_Os08g18060

expressed protein

NA

LOC_Os11g14180

expressed protein

NA

LOC_Os07g01710

flower
LOC_Os12g35030

development,

biosynthetic

nucleobase,

nucleoside,

plus-3 domain containing protein,

process,

expressed

nucleotide and nucleic acid metabolic
process
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Table 2.5. Significantly enriched biological process GO terms shared among all
four weed-crop comparisons
Term
metabolic process
primary metabolic process
macromolecule
metabolic
cellular
macromolecule
process
macromolecule
modification
metabolic process
protein modification process
post-translational
protein
phosphorus metabolic process
modification
phosphate metabolic process
protein
amino
acid
phosphorylation

aus-like vs
142
aus
113
95
81
37
36
34
33
33
32
32

Number of Loci
BHA vs
indica-like vs
408
483
aus
indica
345
400
290
333
253
302
113
129
113
126
108
117
105
110
105
110
99
101
103
106
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SH vs
570
indica
475
390
338
139
136
127
127
127
114
121

Table 2.6. Weedy trait candidate genes for which crop-weed divergent SNP were observed.
Candidate genes or
Trait

products of candidate

RGAP ID

genes
F3H

color

(flavanone-3-hydroxylase)
GT(anthocyanidin
glucosyltransferase)

LDOX
(leucoanthocyanidin
dioxygenase)
qSH1

Flowering

Hd3a

sons in

Supporting

genotyped

which

SNP

7490
LOC_Os03g1
LOC_Os01g6
8030

1

an
IlvI
outlier2
IlvI
SvI
AlvA
AlvA
BvA
IlvI
SvI

IlvI,SvI
AlvA,IlvI,SvI

SvI

AlvA,BvA,Il

SvI

vI,SvI
AlvA,IlvI,SvI

IlvI,SvI

IlvI
AlvA,

IlvI
BvA,

vI,SvI
IlvL,SvL
IlvI,SvI

cellulose

9130
LOC_Os03g5
LOC_Os06g4
4160
LOC_Os04g3
0780

synthase-like family H
CSLD5
cellulose
CSLC3
- family
cellulose
synthase-like
D

5030
LOC_Os06g2
LOC_Os08g1
2980

synthase-like family C
CSLF6
cellulose
Soluble starchfamily
synthase
synthase-like
F

5420
LOC_Os08g0
LOC_Os04g5
6380

OsMADS14
MOC1
CSLH3
-

1

SNP was

AlvA,BvA,Il
BvA,
vI,SvIIlvI,SvI
BvA,IlvI,SvI
AlvA, BvA
AlvA,BvA,Il
AlvA, BvA
vI,SvI
IlvI
AlvA,

IlvI,SvI
AlvA,BvA,Il
AlvA,BvA,Il
vI,SvI

OsMADS56

Starch

with

6300
LOC_Os11g0
LOC_Os10g3
5470

RCN1

synthesis

LOC_Os01g2
LOC_Os08g3
5010
LOC_Os02g5
7456
LOC_Os06g1
2840
LOC_Os06g1
7250
LOC_Os05g4
8790
LOC_Os07g0
5180
LOC_Os05g4
5420
LOC_Os01g2
5200

2920
LOC_Os06g0
LOC_Os06g0
6320

RFT1

Tillering
Cellulose

Compari

SNP

Pericarp

Shattering

Comparisons

AlvA, IlvI
SvI
AlvA,SvI
SvI
SvI

AlvA, BvA

BvA

AlvA,BvA
AlvA,

BvA

BvA,IlvI,SvI
BvA, IlvI,SvI
AlvA,BvA,Il

BvA,IlvI
IlvI
AlvA

S1_1410158
S8_2372399
6
S2_3230622
5
S6_9991506
0
S6_1065909
S5_2616368
5
S7_2488859
3
S5_2617378
S1_1534690
8
3
S3_1004236
S1_3644865
2
7,
S6_2940098
S1_3644865
S6_2926114
7
,
S11_244897
S6_2926161
S10_207957
9
11,
S3_3103361
S10_208016
S6_2431405
0
78
S4_2112124
0
2
S6_1341549
S8_9385705
6
,
S8_3548272
S8_9385697
S4_3156591

AlvA represents aus-like vs aus, BvA represents
aus, IlvI represents indica-like
synthesis
3310 BHA vs vI.SvI
1 vs indica,
2
Comparisons
for SH
which
a divergent gene was supported by both BayeScan and LOSITAN methods
and
SvI represents
vs indica.
are highlighted in bold.
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Figure 2.1. (A) Map of South Asia showing geographical collection localities for the
weedy rice (black dots) and wild rice (red dots) used in this study. (B-C) Population
structure of Oryza accessions from South and Southeast Asia (59 weedy rice, 29 wild
rice, 24 indica, 26 aus, 18 japonica, 9 other cultivars and 4 outgroup). (B) Principal
component analysis excluding 4 outgroup accessions. Principal component 1 (PC1)
explains 16.80% variance and PC2 explains 12.56% variance. Cultivar identities are
based on previous information and STRUCTURE K=4 results. (C) Estimated
population structure based on 10295 SNP. Each individual is represented by a colored
bar, with colored partitions reflecting the relative proportion of genetic membership in
a given cluster. Results are shown for K=2, K=4 and K=7 clusters.
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Figure 2.2. Principal component analysis for five growth related traits (days to
flowering, height at flowering, tiller number, emergence growth rate and seed
shattering). A panel of 76 accessions including 39 South Asian weedy rice, 10 aus, 10
indica, 3 japonica, 3 other cultivars and 11 wild rice was used for phenotyping. Data
points are labeled based on Oryza groups, and the 50% confidence ellipses for each
group are shown.
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Figure 2.3. Maximum likelihood tree of 186 Oryza accessions (59 South Asian weedy
rice, 29 wild rice, 77 cultivated rice, 11 BHA US weedy rice, 6 SH US weedy rice and
4 outgroup) based on all SNP obtained through GBS. Outer color ring represents
different Oryza groups, as indicated in the figure key. Colored triangles beside
accession IDs represent cultivar groups, and colored filled circles represent weed
groups. The geographic origins of weedy rice accessions are labeled with a set of
colored shapes as indicated in the figure key. Branches with bootstrap values > 80%
are labeled. Branch colors within clades correspond to the predominant ancestry color
(>80%) in the STRUCTURE K=4 results shown in Figure 1c; branches leading to
accessions with admixed ancestry are shown in black.
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CHAPTER III

THE GENETIC BASIS OF WEEDY TRAITS AND EVOLUTION OF
WEEDY TRAIT CANDIDATE GENES

3.1 Introduction

Agricultural weeds, defined as unwanted plants growing in agricultural
environments (Monaco et al., 2002), are responsible for ~30% annual reduction in
crop productivity worldwide (Oerke, 2006). Weeds adapt to agricultural environments
and have evolved a suite of traits, known as the “agricultural weed syndrome”
(Vigueira et al., 2013), permitting them to persist in the recently created (< 10, 000
years) agricultural setting. Traits considered part of the “agricultural weed syndrome”
can be common to many weed groups despite the diverse genetic backgrounds and
geographic locations of weeds. Examples of such traits include rapid growth, efficient
seed dispersal and seed dormancy (Baker, 1965).
The agricultural weed syndrome provides a very useful study system for the
evolution of plants in human-mediated environments. Weed syndrome traits have
been found to evolve repeatedly and independently in different weed lineages
(Vigueira et al., 2013; Kane and Rieseberg, 2008; Cui et al., 2016; Huang et al., 2017).
The evolution of similar traits in different groups is known as parallel or convergent
evolution (Arendt and Reznick, 2008), and much interest has been centered on
determining the extent to which phenotypes have evolved in parallel due to similar or
different genetic mechanisms (Nachman et al., 2003; Protas et al., 2006).
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Weedy rice (Oryza spp.), an aggressive unwanted weed of cultivated rice, is a
type of agricultural weed displaying parallel phenotypic evolution (Ziska et al., 2015).
Weedy rice occurs worldwide, and studies have been establishing multiple
independent evolutionary origins of this weed. For example, previous studies on
weedy rice origins revealed that US weedy rice are closely related to aus and indica,
domesticated rice (O. sativa) varieties that are native to Asia (Reagon et al., 2011);
South Asian weedy rice has highly heterogeneous origins including ancestry
contributions from cultivated varieties (aus, indica) and the local wild ancestor of
cultivated rice (the O. rufipogon/O. nivara complex; Huang et al., 2017); and
Malaysian weedy rice is derived from both wild Ot. rufipogon/O. nivara and local
elite rice cultivars bred from indica germplasm (Song et al., 2014).
Despite these diverse genetic backgrounds, many weedy rice populations show
some degree of trait convergence. For example, red pericarp is a common feature of
weedy rice, leading to the common name “red rice” (Gross et al., 2010; Cui et al.,
2016). Ease of seed shattering or dispersal has also been reported for several
populations (Thurber et al., 2010) . Not all weedy rice traits are convergent, however;
some show variance across weedy rice populations. Previous studies in our lab
showed that both black and straw hull phenotypes, and both presence and absence of
awns exist in US and South Asian weedy rice groups (Londo and Schaal, 2007;
Reagon et al., 2010; Vigueira et al., 2013; Huang et al., 2017). In the US, there is also
great variation among weedy groups in flowering time and growth rates (Reagon et al.,
2011; Thurber et al., 2014). Other weedy rice traits with variance that can be
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quantified include growth rate, plant architecture and nutrient usage efficiency
(Burgos et al., 2006; Ziska et al., 2015).
The true extent of convergence or variation in traits across weedy rice
populations worldwide is yet to be determined. Only recently have the origins of
weedy rice around the world begun to be elucidated, allowing us to determine which
populations have truly evolved independently. Determining which weedy rice traits
are shared by all populations allows us to assess which traits are essential for
weediness in this group. Conversely, traits that vary among weedy rice groups may be
indicative of local adaptation. Determining the genetic basis for all weedy rice traits
can provide strong evidence for the degree to which shared loci underlie convergent
traits, as well as provide clues about how weedy rice has acquired its weediness traits.
In this study, we contribute to the expansion of our knowledge of weedy rice
evolution, by examining key traits and weediness candidate genes in populations of
weedy rice from South Asia.
South Asia is a geographic area with a rich diversity of cultivated and wild
Oryzas (Civáň et al., 2015; Garris et al., 2005; Huang et al., 2012; Zhu et al., 2007),
and we recently discovered multiple ancestral sources for weedy rice occurring in the
area (Huang et al., 2017). In particular, we showed that two weedy rice populations
trace their ancestry to cultivated rice varieties aus and indica – a process known as
de-domestication – but have independent origins from US weedy rice (Huang et al.,
2017). A third population traces its origin to local wild rice. Given the diversity of
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origins in a single world region, phenotypic and genetic characterization of South
Asian weedy rice could greatly contribute to our understanding of parallel evolution.
Here we perform extensive phenotypic measurements of potentially essential
weedy rice traits, and of other traits possibly important during South Asian weedy rice
evolution. We additionally investigate the genetic mechanisms underlying some of
these traits by capitalizing on the extensive characterization of domestication trait
candidate genes in cultivated rice; genetic mechanisms involved in the transition from
ancestral wild rice phenotypes to cultivated phenotypes may also be of relevance in
the transition to weedy rice (Thurber et al., 2010; Vigueira et al., 2013; Cui et al.,
2016). Our goals were to: 1) determine which traits are convergent among the main
South Asian weed rice populations, and between these populations and other weedy
rice worldwide; 2) investigated the mechanisms by which weeds with different
genetic backgrounds obtain similar hallmark phenotypes; and 3) determine whether
weedy rice populations in South Asia have acquired weediness traits and alleles from
standing variation in their ancestral populations, de novo mutation, or introgression
from other sources.

3.2 Material and Methods

3.2.1 Plant material and phenotypic measurements

A panel of 101 Oryza accessions are selected in this study, including cultivar
varieties (15 aus, 13 indica, 11 japonica and five admixed cultivars), 35 South Asian
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weedy rice whose ancestries have been characterized in a previous study (15 aus-like,
five indica-like, five wild-like and ten admixed) (Huang et al., 2017), 18 wild
ancestors of cultivated Asian rice (O. rufipogon/O. nivara) and four outgroup species
(two O.meridionalis and two O.barthii) (Table S3.1).
Plant DNA was extracted as described in Huang et al. 2017, and used for
sequencing of candidate genes (see below). We recorded seed traits for all 101
accessions from the original seed storage, with pericarp color classified as red or
white, hull color classified as black or straw and awn as present of absent (Table
S3.1).
We planted a subset of 44 accessions, with three replicates per accession, in a
randomized design in two Conviron PGW36 growth chambers, under 11 hour day
length with 25oC temperature until 30 days after flowering. Due to chamber
availability, the growth experiment was carried out in two stages. The first batch was
planted on Feb 15, 2013 and the second on June 28, 2013. Days to flowering was
measured as the number of days from germination to the time the first panicle
emerges 50% from the sheath (Reagon et al., 2011). Tiller number and tiller angle
were recorded at flowering. We divided tiller angle to three categories, including <30o,
30-60o and 60-90o, by the max tiller angle of the accession among three replicates.
Seed shattering was measured as breaking tensile strength, using the method
described in Thurber et al. (2010), which measures the weight needed to detach seeds
from panicles 30 days after flowering.
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3.2.2 Targeted sequencing library preparation and sequencing

Originally, we designed baits targeting 15 candidate genes’ open reading frame
(ORF), and 2 kilobase pairs (kb) upstream and 1 kb downstream of their flanking
regions. Since we also wanted to evaluate the possibility of selective sweeps or
introgression events around candidate genes, additional baits were designed to target a
1500 base pair portion of the open reading frames of six genes approximately 250kb,
500kb and 750kb upstream and downstream of each gene. Thus, we designed baits for
a total of 130 genomic regions. Baits for genomic regions were designed based on the
rice reference genome (MSU 6.0 assembly; http://rice.plantbiology.msu.edu/). The
Agilent (Agilent, Santa Clara, CA) SureSelect Target Enrichment method (Gnirke et
al., 2009) was applied to capture targeted genomic sequences in the Oryza panel, and
Illumina Hi-seq 2500 sequencing was performed at the Whitehead Institute
(Massachusetts Institute of Technology). Target sequences were captured according to
the protocol provided by Agilent.
Raw sequencing reads were assessed for quality with FastQC software
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). The low quality reads
were filtered using NGStoolkit (Patel and Jain, 2012) with reads of depth >3 and
mapping quality >30 being kept. Clean reads were mapped onto the MSU 6.0
reference genome using BWA (Li and Durbin, 2009). SNP and indels are called with
SAMtools (Li et al., 2009). With aid of our collaborators, Linfeng Li and Yaling Li, at
Washington University in St. Louis, a series of in-house Perl scripts were employed to
convert the polymorphisms from variant call format (VCF) to FASTA format for
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sequence alignment. In the FASTA files, unmapped nucleotides were represented with
N and low quality nucleotides were represented with “?”.
We finally obtained 128 loci with the total mapped length longer than 1000
base pairs and more than 60% of the gene mapped (Table S3.2). Fifteen of the 128
loci are the targeted candidate genes. Some other loci (65 fragments) are genes
flanking candidates, which we had designed baits to capture; yet other loci were not
genomic regions we intended to capture, but as they were sequenced with high quality
we included them for comparative purposes.
Due to the limitations in our ability to measure some weedy traits, as well as
the limitation of knowledge in functional polymorphisms for some candidate genes,
we did not include six of the fifteen genes in this chapter. Nine candidate genes
potentially underlying some typical weedy traits were selected for further analysis and
were summarized in Table 3.1. More detailed information about the genes and traits
included is found below.
Reduced seed shattering is the most important trait artificially selected during
rice domestication, and is also a trait that tends to differentiate cultivated rice from
weedy rice. A transcription factor encoding gene, sh4, is strongly associated with
decrease of shattering during domestication, with a single nonsynonymous G to T
substitution in exon 2 leading to incomplete development of the abscission layer in
cultivated rice (Li et al., 2006). A previous study has shown US weedy rice has
re-acquired the shattering trait while still possessing the sh4 cultivated alleles present
in its crop ancestors (Thurber et al., 2010), however the role of sh4 in South Asian
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weedy rice is unknown. Another gene that influences shattering, OsCPL1, encodes a
protein that represses differentiation of the abscission layer (Ji et al., 2010), and the
mutant lines with suppressed expression of the gene show stronger shattering, but its
potential involvement in weedy rice is unknown.
Red pigmented pericarps are common features of wild and weedy rice, but
humans have selected for preferentially unpigmented pericarps in cultivated rice. A
14-bp deletion on exon 6 of the Rc gene, which is involved in the proanthocyanidin
synthesis pathway, is associated with white pericarps in cultivated rice (Sweeney et al.,
2006). A single bp substitution leading to a premature stop codon also leads to loss of
pigmentation in certain rice cultivars. Studies of weedy rice in the US and Malaysia
suggest that red pigmented weedy rice has most often inherited ancestral alleles of Rc
(Gross et al., 2010; Cui et al., 2016) . The role of Rc in South Asian weedy rice is
unknown.
Wild rice has black colored hulls, but cultivated rice tends to have straw
colored hulls, and weedy rice populations surveyed so far can vary in this phenotype
(e.g. Reagon et al. 2010). The Bh4 gene, encoding an amino acid transporter, can
affect hull color, with a 22-bp deletion on exon 3 leading to the straw hull phenotype
(Zhu et al., 2011). This polymorphism has been shown to be relevant to hull color in
US weedy rice populations (Vigueira et al., 2013).
A change in plant architecture to narrow tiller angle and fewer tillers is
characteristic of the rice domestication process. The PROG1 gene, encoding a
zinc-finger nuclear transcription factor, has been implicated in this transition, with
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selection of ~6 substitutions that tend to be monomorphic in cultivated rice, but
variable in wild ancestors (Jin et al., 2008; Tan et al., 2008). The occurrence of
PROG1 domestication alleles has recently been implicated in the de-domestication
origins of US weedy rice (Li et al., 2017), but the type of PROG1 alleles present in
South Asian weedy rice is unknown.
The expansion of rice agriculture was accompanied by diversification of
flowering time to adapt to local conditions across the geographic range (Khush, 1997).
However, within any given field, cultivated varieties have been selected for
uniformity in flowering time so that harvest is facilitated (Jung and Müller, 2009).
Weedy rice from the US has been shown to diverge greatly from their ancestors in
flowering time (Reagon et al., 2011; Thurber et al., 2014). We have also recently
shown that weedy groups in South Asia diverge from each other in flowering time and
in some cases also from their ancestral groups (Huang et al. 2017). Two genes have
been often implicated in variation in rice flowering time. Hd1 encodes a zinc-finger
type transcriptional activator that regulates the expression of Hd3a gene, and multiple
deletions and loss of function mutations at this locus contribute to daylength
insensitivity in flowering time (Takahashi et al., 2009). Hd3a, the rice ortholog of
Arabidopsis FLOWERING LOCUS (FT) gene, has its expression regulated by Hd1
and is described as a major floral activator in rice. Multiple genotypes at Hd3a
promoter region lead to differences in levels of Hd3a expression, with higher
expression being associated with shorter days to flowering (Takahashi et al., 2009).
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Seed dormancy is a trait common in wild rice and often reported for weedy
rice, and was selected against during domestication. The Sdr4 gene is a putative seed
dormancy specific regulator, that has been shown to be involved differences in degree
of seed dormancy between the main cultivated varieties: japonica and indica
(Sugimoto et al., 2010). Various SNPs and indels define two allele types: Sdr4-n allele
endowing reduced dormancy in japonica, and Sdr4-k, which is not as effective in
reducing dormancy (Sugimoto et al., 2010). The types of Sdr4 alleles present in South
Asian weedy rice is unknown.
A final gene we considered is OsC1, which has been implicated in the
occurrence of varying degrees of apiculus color in rice due to anthocyanin
pigmentation (Saitoh et al., 2004). OsC1, is the homolog of maize C1 gene coding for
a R2R3-Myb factor, and two different frameshift mutations, a 2 bp one and a 10 bp
one, are common in cultivated rice and responsible for a loss of coloration in most
cultivated varieties (Saitoh et al., 2004).

3.2.3 Diversity analysis and tests for selection

Based on prior population structure analyses (Huang et al., 2017), the panel of
accessions was separated into four cultivars groups (aus, indica, japonica and
admixed cultivars), four weed groups (aus-like, indica-like, wild-like and admixed),
one wild rice group, and outgroups. For nucleotide diversity and selection tests, we
only took into consideration six groups, which are aus, indica, aus-like weeds,
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indica-like weeds, wild-like weeds and wild rice. Estimates of nucleotide diversity
including Nei’s average pairwise nucleotide diversity (π) and Watterson’s estimator of
theta (θw) were calculated with in-house Perl scripts on each of the 130 loci for
synonymous, non-synonymous, silent and all sites within each group. Tajima’s D
(Tajima, 1989) was also calculated for each group with in-house Perl scripts. Pairwise
genetic distances between each group, assessed by FST values, were calculated for
seven population pairs, including three between weed groups and their ancestors
(aus-like vs. aus, indica-like vs. indica and wild-like vs. wild), one between two
cultivar species (aus vs indica) and three among weed groups (aus-like vs indica-like,
aus-like vs wild-like and indica-like vs wild-like). Negative FST values were
converted into zeros.

3.2.4 DNA sequence alignment and tree construction

Further analysis was performed on the sequences of the nine candidate genes
(Table 3.1). For each candidate gene, information about un-translated regions, exons
and introns were obtained from the Rice Genome Annotation Project database
(http://rice.plantbiology.msu.edu/). Sequence alignments among accessions were
performed again for the 101 accessions using MUSCLE by EMBL-EBI
(http://www.ebi.ac.uk/Tools/msa/muscle/). Aligned sequences were imported into
BioEdit Ver.7.0.9 (Hall, 1999) for manual refinement and localization of relevant
polymorphisms. FASTA files of the alignments were exported and converted to
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PHYLIP format using PGDSpider software, We constructed haplotype trees for each
candidate gene with the DNANJ tool implemented in the PHYLIP package
(Felsenstein, 1993) on CYVERSE (http://www.cyverse.org/), using Kimura
2-parameter distance model, with bootstrap values calculated via 1000 replicates, and
two O. meridionalis samples (omd01 and omd02) designated as outgroups. MEGA
and ITOL (http://itol.embl.de/) were used to visualize the trees.

3.2.5 Confirmation of insertion and deletion (InDel) polymorhpisms

Due to limitations of the SureSelect sequencing method to accurately detect
insertion/deletion (InDel) polymorphisms, we confirmed the presence of such
polymorphisms with cleaved amplified polymorphisms (CAPS; Konieczny and
Ausubel, 1993) for two cases: the 14 bp InDel in exon 6 of Rc and the 22-bp InDel in
exon 3 of Bh4. WebMap (http://pga.mgh.harvard.edu/web_apps/web_map/start) was
used to create a map from the gene sequence files taken from the MSU database and
Genbank. Restriction enzyme site complexity was set to greater than or equal to 5
residues in order to find an enzyme that would cut in the target region. Primer3
(http://frodo.wi.mit.edu/primer3/) was used to choose primers that would amplify the
target region of the sequence.
The Rc gene was amplified using the primer pair Rc_4774_for (Sequence:
tcaattcttgcatttcttttcca) and Rc_5299_rev (Sequence: acggctttatagaaatagagggagt). The
Bh4

gene

was

amplified

with

the
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primer

pair

Bh4_1_for

(Sequence:

caatctggtgcataatcagaatgga)

and

Bh4_1_rev

primers

(Sequence:

cccgaagatcctgacgtagcag). The PCR profiles were set for one cycle of 95 oC of 3
minutes (Rc) and 30 seconds (Bh4) ,40 cycles of melting, annealing, and extension
(95oC for 1 minute, 55oC (Rc) and 59 oC (Bh4) for 30 seconds, 68oC for 1 minute) and
one cycle of 72oC for 10 minutes. PCR products were digested with 0.5 ul of 20
units/ul restriction enzyme Ban1 for Rc and ApaLI for Bh4. The reactions were then
mixed again, and incubated at 37oC for 60 min. The products of the digestion were
analyzed using gel electrophoresis to identify insertion and deletion alleles in Rc and
Bh4.

3.3 Results

3.3.1 Phenotypic traits characterizing South Asian weedy rice groups

We recently characterized seed traits in a large panel of South Asian weedy
rice (Huang et al. 2017), and summarize those results here based on phenotypes of the
subset of accessions used in this study (Table 3.2) (Table S3.1). Red pericarps are
common in all groups of South Asian weedy rice. This is in contrast to both
progenitor cultivated rice groups, although both do show the presence of both pericarp
types, but similar to wild rice. Awns are also common in South Asian weedy rice,
though less prevalent in indica-like weeds. Again this is in contrast to both cultivated
rice groups, but similar to wild rice. Hull color varies among South Asian weedy rice,
with aus-like, wild-like, and admixed weeds having primarily black hulls, while
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indica-like weeds have exclusively straw colored hulls (Table 3.2) (Table S3.1).
Cultivated groups tend to have straw colored hulls, and wild rice tends to have black
hulls.
We recorded the maximum tiller angle among replicates for each accession
(Table S3.1). The four weedy rice sub-groups all have intermediate tiller angles from
<30

o

to 30

o

- 60 o (Table 3.2) (Table S3.1), suggesting relatively compact plant

architecture. Of the cultivar groups, indica has the most compact tiller, mostly < 30o,
while the aus group tends to have intermediate plant architecture. As expected, wild
rice has the most spread tillers, with the majority 60o-90o (Table 3.2) (Table S3.1).
This result is consistent with previous observations on cultivars and wild rice (Jin et
al., 2008).
We also assessed several quantitative weedy traits in our Oryza panel,
including some that had been assessed for the Huang et al. (2017) study. Among the
four weed groups, wild-like weeds flower the earliest, while aus-like weeds flower the
latest. None of the three weed groups show significant difference from their ancestors
(Table 3.3) (Table S3.1). This is in contrast to the results from Huang et al. (2017),
where wild-like weeds and aus-like weeds flowered significantly earlier and later than
their ancestors, however, the trends remain the same here.
Tiller number is relatively uniform across all groups and no group effect was
detected (Table 3.3). For seed dispersal, all four weedy rice groups shatter easily, as
does wild rice, similar to what we previously reported (Huang et al. 2017). Both
cultivar-like weed groups shatter significantly more easily than their ancestors,
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suggesting a potential de-domestication selection towards seed shattering for weedy
rice (Table 3.3) (Table S3.1). Seed shape for all weedy rice groups resembled that of
their ancestors, with wild-like weeds and wild rice standing out due to their longer
and thinner seeds (Table 3.3) (Table S3.1).
Taken together, our results suggest convergence among South Asian weedy
rice groups in shattering, pericarp color and compact plant architecture. Convergence
also occurs among crop-derived weeds in later flowering and seed shape.
Convergence occurs among aus-like, wild-like and admixed weeds for awn presence
and hull color.

3.3.2 Summary statistics of candidate genes

We calculated nucleotide diversity (π and θw) and Tajima’s D on silent sites
for all 128 loci from SureSelect sequences to obtain a genome-wide average for each
group. We then compared this average with individual candidate genes and noted
those with nucleotide diversity estimates that deviated by at least two standard
deviations (SD) from the mean. We also highlighted extremely small values of
nucleotide diversity, e.g. < 0.005, to find genes experiencing extremely reduced
diversity. Because average Tajima’s D values in all groups were close to 0, we
considered Tajima’s D value of > 2 or < -2 as deviations from neutrality (Table 3.4).
Mean genome-wide nucleotide diversity is highest in wild rice and in wild-like
weeds. The two cultivar groups and their derived weeds have similar levels of
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diversity, suggesting that these weed groups have not experienced strong bottlenecks
upon having evolved from cultivated ancestors (Table 3.4). Most candidate genes
surveyed have levels of nucleotide diversity that were unremarkable compared to
genomic averages. Sh4 stands out for its very low levels of diversity in aus, indica
and indica-like groups. Low diversity of sh4 in cultivated groups is consistent with
other studies and the involvement of this gene in loss of shattering during the
domestication process (Li et al., 2006; Konishi et al., 2006; Thurber et al., 2010). Low
nucleotide diversity in indica-like weeds can be explained due to the lack of diversity
at this gene in ancestral indica. In contrast, despite low levels of diversity in cultivated
aus, aus-like weeds have managed to retain moderate amounts of diversity at this
gene; however, Tajima’s D value for sh4 suggests an excess of low frequency variants
in aus-like weeds, consistent with positive selection (Table 3.4). Interestingly, the
other candidate gene in our panel related to shattering, OsCPL1 gene also has very
low levels of diversity in indica and indica-like groups (Table 3.4).
Other candidate genes showing extremely low levels of nucleotide diversity
are PROG1 in the aus group, which suggests selection on some aspect of plant
architecture in aus, and OsC1 in the aus and weedy indica-like groups (Table 3.4).
Hd1 is the only candidate gene with significant high levels of diversity in any group,
with significant levels reached in aus, aus-like weeds, indica-like weeds, and wild
rice (Table 3.4). This is consistent with Hd1 being reported as a high diversity gene in
other studies and with the diversity of flowering times observed in many rice groups
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(Takahashi et al., 2009; Thurber et al., 2014). At least in the aus, Hd1 variants seem to
occur a moderate frequencies suggesting balancing selection on this gene (Table 3.4).
We further focused on genes showing great differences in levels of diversity
between weed groups and their ancestors, because such genes may have been through
strong selection during de-domestication or general adaptation to agricultural
environments. We used a three-fold difference in diversity values as a cutoff for
significance. When compared to aus cultivars, aus-like weedy rice has significantly
higher diversity in PROG1, OsC1, and sh4 (Table 3.5). This could be due to strong
selection on aus cultivars for domesticated plant architecture, uniform apiculus color
and

non-shattering

genotypes,

coupled

with

release

of

selection

during

de-domestication of the weeds. In the indica-like/indica comparison, indica-like
weeds have a much higher diversity in PROG1 than indica, suggesting a release in
selection of plant architecture. In contrast, indica-like weeds have a much lower
diversity in OsC1 when compared to indica. The pattern in OsC1 is opposite to that
observed in the aus-like/aus comparison, however not much is known about the
selective value of phenotypes (apiculus coloration) coded by this gene. For the
wild-like/wild comparison, wild rice has significantly higher diversity in Rc and Bh4
when compared to wild-like weeds (Table 3.5), suggesting selection on pericarp and
hull coloration on wild-like weeds.
We also calculated average genome-wide FST values for the three weed-crop
comparisons, which show that indica-like weeds have negligible amounts of
divergence (FST = 0.014) from indica cultivars, while divergence between aus-like
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weeds and aus (FST = 0.172) and wild-like weeds and wild rice (FST = 0.165) is
moderate, but still low (Table 3.6). We examined which candidate genes exceeded
genome-wide FST values by more than two standard deviations (SD) from mean. Bh4,
HD3a and OsC1 are significantly differentiated between aus-like weeds and aus. This
is consistent with the higher frequency of black hulls observed in aus-like weeds
compared to their cultivated ancestors (Table 3.2), and the differences observed in
days to flowering (Table 3.3). We cannot assess if there are differences in apiculus
coloration between the two groups, but high differentiation and the large differences
in levels of nucleotide diversity between the two groups could suggest a role for
apiculus color during the de-domestication process. No candidate gene showed
extreme levels of differentiation between wild-like weeds and wild rice and between
indica-like weeds in indica (Table 3.6).

3.3.3 Patterns of polymorphism in seed shattering and two shattering genes

Seed shattering is a trait that converges greatly among south Asian weed
groups and between South Asian weeds and other characterized weeds (Thurber et al.,
2010;

Huang et al., 2017), thus determining the genetic basis of shattering would

greatly contribute to our understanding of parallel evolution. We first examined
whether weedy groups carried alleles similar to their respective ancestral groups at the
two candidate shattering loci: sh4 and OsCPL1. A neighbor joining tree for the sh4
gene that encompasses all 101 accessions reiterates the ancestral status of the G
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wild-type allele and the prevalence of the derived T allele in cultivated rice (Figure
3.1). Wild-like weeds all bear the ancestral G allele, and aus-like and indica-like
weeds (with only two exceptions) have the derived T allele, indicating that all weeds
groups have obtained their sh4 alleles from their respective ancestors. Additionally,
this supports the suggested origin of indica-like and aus-like weeds through
de-domestication (Huang et al., 2017), as the T allele was fixed in cultivated rice as
part of the domestication process (Li et al., 2006). Unlike sh4, an OsCPL1 gene tree
revealed little phylogenetic structure (Figure S3.1), with most groups harboring alleles
in various clades across the tree.
To examine the correlation between seed shattering phenotypes and observed
genotypes, we assigned the shattering measurements to three categories: strong
shattering (breaking tensile strength (BTS) = 0g), medium shattering (BTS <= 20g
and > 0g) and no shattering (breaking tensile strength >20g). Among the 42
accessions (15 cultivars, 22 South Asian weedy rice and 5 South Asian wild rice) with
both phenotype and genotype data, a general association is detected between the
functional polymorphism on sh4 and shattering measurement (Table 3.7) (Table S3.1).
Accessions with the ancestral G allele have an average BTS of 7.66 g, while those
with derived T allele has an average force of 17.91 g, which is consistent with the
previously reported correlation between T-allele and non-shattering phenotype (Li et
al., 2006). Focusing on just weeds, we find that wild-like accessions can easily
explain the shattering phenotype through inheritance of wild-type alleles from their
ancestors (Table 3.7, Figure 3.1), but aus-like and indica-like weeds cannot ascribe
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their prevalent shattering phenotype to sh4, as they predominantly carry the derived
domestication allele of sh4 present in their cultivated ancestors.
For OsCPL1, which is involved in differentiation of abscission layer and was
identified through mutant analysis (Ji et al., 2010), there is limited information of
possible functional polymorphisms. Our sequence alignments of OsCPL1 revealed a
single mutation in exons, which is an A to G substitution on exon 6 (Table S3.1). Our
shattering results show that there exists a connection between alleles on this locus and
shattering measurements: accessions carrying the A allele have an average breaking
force of 9.95 g, while accessions carrying the G allele have an average of 19.28 g, and
those with a heterozygous genotype have an average of 32.07 g breaking force. Indica
and indica-like weeds only have the G allele on the exon 6 mutation, consistent with
lower amounts of shattering in this weed group (Figure S3.1; Table 3.3). Wild-like
weed only have the A allele. However, other Oryza groups contained alleles of both
types.

3.3.4 Pericarp color and the Rc gene

A red pericarp is ubiquitous among wild ancestors, while during domestication
most cultivated rice varieties were artificially selected to have white pericarp
(Sweeney et al., 2006). The Rc gene, which codes for a basic helix-loop-helix protein
in the anthocyanin production pathway, has been shown to underlie variation in
pericarp color in rice, with the recessive white pericarp phenotype caused by two
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loss-of-function alleles: a 14-bp deletion (rc) in exon 6 or a point mutation from C to
A (Rc-s) (Sweeney et al., 2006). We first carried out a phylogenetic analysis of the Rc
coding region, supplemented with cleaved amplified polymorphic sequence (CAPS)
data from 81 accessions to confirm the presence of the 14-bp deletion. Our data
supports a single origin of the rc allele, which is prevalent in, but not exclusive to,
cultivars, and a single origin for the Rc-s allele in aus cultivars (Figure 3.2). There is
some phylogenetic structure in Rc-type alleles, with South Asian wild rice and
wild-like weeds having haplotypes primarily from an Rc clade with few crop
representatives. In general, aus-like weeds tend to possess Rc-type alleles that are
most closely related to Rc-type alleles present in their aus ancestors, even if this allele
type does not predominate in this cultivar. In contrast, most indica-like weeds with
red pericarps seem to not have Rc alleles closely related indica alleles, suggesting that
some of these weeds may have acquired their alleles through introgression.
A prior characterization of pericarp color in South Asian Oryza had shown that
red pericarps dominate in all South Asian weedy rice groups, but especially in
aus-like and wild-like weeds, and that, as expected white pericarps are more common
in cultivars and red pericarps in wild rice (Huang et al., 2017). The subset of
accessions with phenotypes in this study reiterate those results, and show that most
accessions with red pericarps carry the Rc allele and most accession with white
pericarps carry the rc allele across most Oryza groups (Table 3.8). The exception is
the aus group, where most accessions with white pericarps instead carry the Rc-s
allele. In general, discrepancies between Rc genotype and pericarp color are rare (six
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cases out of ninety-five accessions), suggesting that Rc is the major gene underlying
pericarp color, although other genes underlying pericarp color are also likely to exist
(Table 3.8) (Table S3.1). For South Asian weedy rice, the Rc alleles inherited from
ancestral groups are the most likely explanation for the prevalence of red pericarps,
except in indica-like weeds where introgression from aus cultivars is a possibility
(Figure 3.2).

3.3.5 Hull color and the Bh4 gene

Like Rc, Bh4 is considered a rice improvement gene that contributes to the
straw colored hull phenotype that is common, but not fixed, in cultivated rice (Zhu et
al., 2011). A 22-bp frame-shift deletion in exon 3 has been shown to be the dominant
functional polymorphism causing straw hull phenotype (Zhu et al., 2011).
Phylogenetic analysis of Bh4 alleles broadly support a single origin for alleles
carrying the 22 bp deletion, which are more common in crops than wild rice, although
some haplotype outside the clade may have acquired the deletion through
introgression (Figure 3.3). Wild-like weed alleles cluster together in the tree and seem
to originate from a few closely related wild individuals (onv13, onv14, or07 and or18).
Aus-like and indica-like weeds with haplotypes carrying the 22 bp deletion cluster
with various aus and indica haplotypes, and aus-like weeds lacking the 22 bp deletion
also have Bh4 haplotypes similar to these rarer haplotypes occurring in aus cultivars.
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Thus, for all South Asian weeds, direct inheritance from standing ancestral variation is
likely to explain Bh4 genotypes (Figure 3.3).
Consistent with results from other studies (Vigueira et al., 2013), 70% of the
wild rice accessions we examined have black hulls and carry wild type alleles.
However, three straw-hulled wild rice accessions in our panel also have wild type
alleles (Table S3.1), suggesting other mechanisms leading to the loss of black color
(Table 3.9). The great majority of cultivars have straw-hulls, which in most cases is
associated with the presence of Bh4 alleles with the 22-bp loss-of-function deletion.
However, cultivars with a straw hull, but lacking a deletion also exist (aus: 2 cases,
sau01 and sau55; indica: 2 cases, sin04 and sin43; japonica: 2 cases, sin27 and ste08;
admixed cultivars: 3 cases, sin24, sin26 and sin39) (Table 3.9), indicating that other
genes can also affect hull color. For South Asian weedy rice, the correspondence
between Bh4 genotype and hull phenotype was relatively strong, although, again,
some exceptions suggest that other genes can affect hull color in weeds (Table 3.9).

3.3.6 Plant architecture and PROG1 gene

Plant architecture was assessed by looking at a combination of two traits: tiller
number and tiller angle. Accessions with tiller number <=8 and tiller angle <30o were
categorized into “fewer tillers and compact”; those with tiller number >8 and tiller
angle >30o were categorized into “many tillers and spread”; and remaining accessions
were categorized as “medium” (Table 3.10) (Table S3.1) after taking into
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consideration of the distribution with both tiller number and tiller angle in our panel.
For the 44 accessions that we have both phenotype and genotype information for (24
are weeds), 17 are “fewer tillers and compact” (8 are weeds), 14 are “medium” (7 are
weeds) and 13 are “many tillers and spread” (9 are weeds). Cultivars are mostly
having fewer tillers and compact architecture, wild rice group is slightly towards
many tillers and spread architecture, and weedy rice has a trend towards almost equal
number of accessions in each of the three plant architecture categories (Table 3.10)
We examined our PROG1 sequences for the entire panel, and compared these
with the sequences published in both Jin et al (Jin et al., 2008) and Tan et al (Tan et al.,
2008).
The three major mutation sites in the Jin et al publication (M1, M5 and M6 as
mentioned in Jin et al) showing a divergence in allele between wild and cultivated rice
were investigated for all 101 of our accessions (Table S3.1). M6 mutation site is
detected in the ORF where threonine in wild rice was replace by serine in cultivated
rice due to a A to T non-synonymous mutation (Jin et al., 2008). Although M6 is
believed to be the target of artificial selection during domestication, it does not show
high level of polymorphism in our sequences, with four wild rice and one aus with
heterozygous genotypes (coded as W), and one wild rice with A allele. All other
accessions bear a T allele on M6. A similar situation is seen for the M5 mutation
detected in the ORF but resulting in no amino acid variation, with two wild rice and
one aus bearing a heterozygous genotype (coded as R), three wild rice bearing the A
allele, and all other accessions bearing the G allele. Since there is a lack of diversity
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detected in both M5 and M6, we focused on charactering the polymorphisms on M1
of PROG1 (Table 3.10). The ancestral allele on M1 for wild rice is G, and the derived
allele for cultivated rice is T. In our panel, the prevalent allele in weedy rice is T (17
in total), and there are only 6 G alleles in weedy rice (2 wild-like, 2 indica-like, 1
aus-like and 1 admixed) (Table 3.10). The prevalent allele is T in cultivars, and G in
wild rice (Table 3.10), consistent with the report in Jin et al paper. Of the 44
accessions that we have genotype and phenotype information, the T allele is common
in all three phenotype categories. Thus, we did not observe a correlation between the
allele on M1 and plant architecture phenotype as reported in the Jin et al paper (Jin et
al., 2008; Table 3.10).
We also examined the 15 SNPs and six indels detected in Tan et al publication
(Tan et al., 2008) that differentiate functional PROG1 allele, and disrupted prog1
allele. Tan et al reported that cultivated rice of both indica and japonica from different
areas carry the identical mutations in prog1 allele, suggesting a single variant of
PROG1 being fixed during domestication (Tan et al., 2008). In our 101 accessions, we
did not find many haplotypes, and most accessions share the same haplotype with the
japnocia reference genome. The wild rice group is polymorphic, with most accessions
sharing the reference haplotype, and four wild accessions (onv03, onv04, or33 and
or35) having other haplotypes (Figure S3.2). Similar to previous studies, cultivars in
our panel carry the same nucleotide haplotype, except one admixed cultivar accession
(sau79). Most aus-like and indica-like weedy rice accessions carry the fixed
domesticated haplotype as their ancestors, with only one aus-like (arr33) and one
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indica-like (arr58) weed carrying new haplotypes (Figure S3.2). The wild-like weed
group is more diverse on PROG1, like their wild rice ancestors, with two new
haplotypes different from the reference (arr23 and arr44) (Figure S3.2).

3.3.7 Flowering time genes

We looked into two genes that are known to affect flowering time in Oryza,
Hd1 and Hd3a. Like other next generation sequencing techniques, SureSelect is not
good at capturing indels, especially when a fragment of sequence is absent in the
reference. As a result, among the high volume of polymorphisms of Hd1 gene (Figure
S3.3), the causative loss of function 2-bp deletion in exon 2 that truncates the HD1
protein (Thurber et al., 2014) was not detected in our alignment result.
Polymorphism in the promoter region of HD3a has previously been shown to
have a correlation with flowering time. We examined the Hd3a gene tree constructed
out of the promoter and coding region (Figure 3.4). Wild rice and wild-like weedy rice
predominantly possess basal haplotype of Hd3a, while cultivars, aus-like weeds and
indica-like weeds primarily contain haplotypes majorly characterized by two SNP
mutations (C to A, T to C). Previous studies have classified the promoter and 5’ UTR
of HD3a into two group, A and B, based on 26 SNPs and five indels (Takahashi et al.,
2009). Group B promoters lead to higher HD3a expression than group A, and thus
shorter days to flowering. However, in our panel, we only detected three accessions
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with type A promoter for HD3a and correlations with flowering time were not
observed (Table S3.1).
In a previous study (Huang et al., 2017), we performed genome-wide scans to
detect outlier SNPs that show high divergence between weed groups and their cultivar
ancestors. Three outlier SNPs in one weed vs cultivar comparison were found to be
located in the HD3a region. The SNP, S6_2938488, 516bp upstream of HD3a in the
promoter region, was divergent between aus-like weeds and aus. Similarly,
S6_2938469, 535 upstream of HD3a, and S6_2940098, lying within HD3a coding
region, were divergent in the indica-like vs indica comparison. In our SureSelect
sequence alignment (Table S3.1), polymorphisms are seen for the two SNPs in the
promoter regions (S6_2938488 and S6_2938469), however, the SNP lying within
coding region (S6_2940098) does not appear to be polymorphic, indicating a
discrepancy between our previous GBS data and Sure Select data. For S6_2938469,
we did not observe a difference between indica-like weeds and indica in our
SureSelect panel (Table 3.11), with the “T” allele being dominant in all groups except
that in the japonica group, “C” allele is the dominant. For S6_2938488, consistent
with the divergence between aus-like and aus in the genome-wide scan, “C” alleles
predominate in aus (87%), as well as the majority of wild rice and wild-like weeds,
but “A” alleles are common in aus-like weeds (100%) (Table S3.1) (Table 3.11). This
is also consistent with the occurrence of all aus-like weeds within a single clade in the
Hd3a gene tree (Figure 4). A previous phenotypic characterization has found
significant later flowering in aus-like weeds than aus cultivars (Huang et al. 2017).
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This trend, though non-significant, is repeated here (Table 3.3), suggesting that this
SNP or others linked to it could be involved with the flowering time divergence
between aus and aus-like weeds.

3.3.8 Seed dormancy and Sdr4 gene

The Sdr4 locus has been implicated in the seed dormancy trait, with Sdr4-k
alleles being common in wild rice (O. rufipogon) as well as some indica cultivar
varieties, and Sdr4-n alleles conferring reduced dormancy occurring in cultivated rice
including almost all japonica and some indica (Sugimoto et al., 2010). The Sdr4-k
and Sdr4-n alleles are differentiated by an array of eleven SNPs and two indels in the
coding region of the Sdr4 gene. A third allele, Sdr4-k’ allele differs at three SNPs from
Sdr4-k, but its associated phenotype is not differentiated from Sdr4-k.
We examined the Sdr4 gene tree as well as the occurrence of the different
allele types. A clade of primarily Sdr-k alleles can clearly be seen (Figure 3.5).
Surprisingly, out of the 18 wild accessions, only 3 carry the Sdr4-k allele, with
majority carrying the Sdr4-n allele (Table 3.12) (Table S3.1). Additionally, our tree
and the alleles carried by outgroups suggest that Sdr-n is the ancestral allele. This is
inconsistent a previous study in which with no Sdr4-n allele was found among all 46
O. rufipogon samples (Sugimoto et al., 2010). For cultivars, consistent with previous
publication (Sugimoto et al., 2010), japonica accessions only have the Sdr4-n allele,
while both Sdr4-n and Sdr4-k appear in aus and indica accessions. All wild-like
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weeds have Sdr4-n allele, like their wild rice ancestors. Both aus-like and indica-like
weeds contain primarily Sdr4-k alleles, which have been suggested to be associated
with higher seed dormancy, however, we were unable to score dormancy phenotype
data for our samples.

3.3.9 Apiculus color and OsC1 gene

The OsC1 locus has been reported to be related to apiculus coloration (Saitoh
et al., 2004), with the 2 bp and 10 bp deletions associated with the loss of apiculus
coloration. In our SureSelect sequences, we only detected the 10 bp deletion and a
suite of SNP variants. We examined the OsC1 gene tree and discovered that most
10-bp deletions occur on indica cultivars, indica-like weeds and two aus-like weeds
(Figure S3.4). Also, weeds do not always cluster with their ancestors on the tree, with
aus-like weeds being separated, and more basal on the gene tree (Figure S3.4).

3.4 Discussion

Our previous study investigated the origins of weedy rice in South Asia, an
area harboring great Oryza diversity (Huang et al., 2017). The population structure
analyses revealed that weedy rice in this area has a highly heterogeneous genetic
background, with contributions from cultivated rice (aus and indica) and wild rice. In
this chapter of the thesis, we selected a panel of Oryza accessions from South Asia,
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including cultivars (aus, indica and japonica), weedy rice with multiple ancestries
(aus-like, indica-like and wild-like) detected by our genome-wide study (Huang et al.,
2017), and wild rice, and characterized polymorphisms at several candidate genes that
could underlie weedy traits. We additionally phenotyped a set of seven potential
weediness traits: including pericarp color, hull color, awn presence, flowering time,
plant architecture and seed shape. Our goals were to: (a) assess the degree of
convergence between weedy rice populations, (b) investigate the mechanisms by
which weeds with different genetic backgrounds obtain similar hallmark phenotypes
and the possible association between phenotype and candidate gene genotypes, and (c)
determine whether weedy rice populations in South Asia have acquired weediness
traits and alleles from their ancestral populations or other sources.
Of the traits examined, the greatest convergence among all three weed groups
in South Asia occurred for easy seed shattering, red pericarp color, and compact plant
architecture (Table 3.2; Table 3.3; Figure 3.1; Figure 3.2; Figure S3.2), suggesting that
these traits are advantageous in the South Asian agricultural environment.
Convergence among wild and cultivar derived groups is striking, given that for some
of these traits weeds do not resemble their ancestors: red pericarps and shattering
phenotypes do not predate in cultivars, and wild rice tends to have a spreading
architecture. Convergence for seed shattering and red pericarp also occurs with weed
groups in other parts of the world (Thurber et al., 2010; Gross et al., 2010; Song et al.,
2014; Cui et al., 2016) , however there is not enough information in the literature to
gauge if compact plant architecture is also common in other weed groups. Our data
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suggests then, that among the traits we surveyed, red pericarps and seed shattering are
the most essential traits for weediness in weedy rice worldwide.
How have weedy groups in South Asia acquired convergent weedy traits? Our
survey of candidate genes suggests differing genetic mechanisms. Most weedy
accessions with red pericarps carry wild-type Rc alleles that explain the phenotype,
and were likely inherited from ancestral standing variation (Figure 3.2). The similar
nucleotide diversity on Rc gene for all cultivar and weed groups, as well as the low
pairwise FST between weed and ancestor, also serve as evidences of the inheritance of
ancestral alleles (Table 3.4) (Table 3.6). The very occasional discrepancies between
pericarp color and Rc alleles (Figure 3.2, Table 3.8) indicate that other genes or
mutations may affect pericarp color, but the Rc genotype in weeds is mostly sufficient
to explain weed phenotype. Consistent with origins for ancestral standing variation,
there are no strong signatures of selection observed for this gene in weed groups
(Table 3.4).
Convergence of seed shattering in South Asian weeds is not as easily
explained. In our South Asian panel, every wild-like weed has the same ancestral wild
type sh4 allele as wild rice that has been shown to be associated with seed shattering
(Gross et al., 2010; Li et al., 2006), thus sh4 inheritance from ancestors can explain
the shattering phenotype in wild-like weeds. In contrast, almost all cultivar-like weeds
have the derived sh4 allele common in cultivars (Table 3.7; Figure 3.1) that has been
implicated in loss of shattering during domestication (Li et al., 2006). Thus, although
inheritance from cultivated ancestors explains the sh4 allele present in indica and
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aus-like weeds, this allele cannot explain the shattering phenotype. Our lab had
similar findings in US weedy rice (Thurber et al., 2010), with both major types of US
weeds fixed for the domesticated sh4 allele, but possessing shattering phenotype.
Thus, for both weeds in the US and some weed groups in South Asia, a novel genetic
mechanism accounts for seed shattering. Whether there is convergence in this
mechanism between South Asian weeds and any of the US groups is unknown. The
high levels of nucleotide diversity of aus-like weed in sh4 compared to aus cultivars,
and the extremely negative Tajima’s D (Tables 3.4; Table 3.5), suggest that aus-like
weed may be undergoing a release in selection for this gene (Table 3.5). Our other
shattering candidate gene, OsCPL1, was also unable to explain phenotypic differences
between weeds and their crop ancestors (Figure S3.1; Table S3.1).
We did not detect strong association between the plant architecture phenotype
and the PROG1 haplotypes (Figure S3.2). This suggests that PROG1 might not be the
most responsible gene for rice plant architecture in a more diverse collection of Oryza
varieties like our panel. In our SureSelect result, we did observe the reduction in gene
haplotype polymorphism between the wild rice group and the cultivar groups (Figure
S3.2), as is reported by Tan et al as the fixation of a single variant of PROG1 during
domestication (Tan et al., 2008). In our panel, PROG1 is in general quite
monomorphic even in the several weed groups, except for the occurrence of more
haplotypes in the wild rice group. Both cultivar ancestry weed groups are quite
monomorphic like almost all cultivars sharing the same prog1 allele. Wild-like weeds
show slightly more diversity on PROG1 gene, probably inherited from wild ancestors.
83

These facts suggest that weeds resemble their ancestors for the PROG1 genotype.
Unfortunately, we did not detect polymorphisms in our panel for the two major targets
of artificial selection as reported by Jin et al (Jin et al., 2008), and the remaining few
point mutations mentioned in the publication did not seem to explain the plant
architecture phenotype.
No other trait we surveyed converged among all three weed groups, but
convergence occurred among crop-derived weeds for later flowering and rounded
seed shape. In our South Asian Oryza panel, the seed shape of weedy rice is similar to
that of their crop ancestors (Table 3.3). In contrast, a later flowering time seems to
diverge from their crop ancestors.
Weedy rice that invades the agricultural fields may benefit from variable
flowering time to enhance competitiveness. In US weeds, which are also derived from
crops, the evolution of flowering time seems to be divergent between weed groups:
SH weeds, which are derived from indica flower extremely early, more so than the
crops, while BHA weeds, which are derived from aus flower later than their crop
ancestor (Thurber et al., 2014). Thus, there is no clear trend in flowering time among
characterized weed groups, other than divergence from ancestors. In SH US weeds,
early flowering can be explained by the presence of Hd1 alleles with loss of function
deletions that confer day length insensitivity (Reagon et al., 2011; Thurber at al 2014).
However, in this study with South Asian weeds, neither Hd1 nor Hd3a were able to
explain the flowering time divergence. We did observe in our results that for South
Asian weedy rice, both cultivar and cultivar-like weeds tend to have more uniform
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flowering time, with a cluster of aus and aus-like weeds showing late flowering (<120
days), while wild rice and wild-like weeds have a larger range of flowering time
(Figure 3.4; Figure S3.3; Table S3.1). Interestingly, S6_2938448 on Hd3a, the SNP
detected in a genome-wide scan to be divergent between aus-like weeds and aus
(Table S3.1), is also one of the SNPs charactering the major haplotypes branch in the
Hd3a tree, separating a group consisted of indica, indica-like weed and aus (Figure
3.4).
A last set of traits that converged was awn presence and hull color for
wild-like, admixed and aus-like weeds. These traits are also convergent with one
group (BHA) of US weedy rice (Reagon et al., 2010). The fact that dark hulls and
awns are present, but not prevalent in aus ancestors of BHA and of aus-like South
Asian weeds (Table 3.9), suggests there may be some adaptive value to these traits
such as resistance to pests and predators. However, these cannot be considered
essential weedy traits, as weedy rice groups that lack them thrive around the world
(Ziska et al., 2015; Song et al., 2014). Both wild-like and aus-like weeds likely
inherited these phenotypes from ancestral standing variation. In the case of hull color,
this is supported by Bh4 alleles carried by weeds (Figure 3.3), with wild-like weeds
carrying Bh4 alleles similar to wild rice, and aus-like weeds carrying alleles similar to
the single aus in our panel that has no deletion allele in Bh4 and a black hull. While
the black hull phenotype is exceedingly rare in the aus in our panel, as slightly higher
frequency has been previously reported for a wider set of aus surveyed (Huang et al.
2017). Surprisingly, although aus-like weeds likely inherited Bh4 alleles from a small
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subset of aus cultivars with black hull, both groups show very similar nucleotide
diversity at Bh4 (Table 3.4; Table 3.5), but very large differentiation as measured by
FST (Table 3.7). This is compatible with a scenario in aus-like weeds were
de-domesticated from aus cultivars early in the domestication process, before the
majority of aus cultivars underwent selection for straw hulls with the 22-bp deletion
(Vigueira et al., 2013). Unfortunately, we do not have sequencing data for a candidate
gene underlying awn presence.
In contrast to pericarp color and Rc, the hull color phenotype is only partially
explained by the 22-bp deletion on Bh4. Although we did not detect any other
functional mutation on Bh4 that can cause loss-of-function in our SureSelect
sequences, other mutations on the same gene may disrupt the black hull color
phenotype. In a previous survey on Bh4 sequences, two other loss-of-function
mutations are detected to cause straw hull: a 1-bp frame shift deletion in exon 1 and a
SNP in exon 3 that causes an early stop codon (Zhu et al., 2011). Although Bh4 is
considered the major-effect gene for the hull color (Zhu et al., 2011), two or three
other genes have also been thought to be responsible for the same phenotype
(Kuriyama and Kudo, 1967).
For the remaining genes surveyed for which we had no phenotype (Sdr4,
OsC1), alleles in all weedy groups could be explained by inheritance from their crop
or wild ancestors (Table 3.12; Table S3.1; Figure 3.5; Figure S3.4). Thus, for none of
the genes surveyed, even those that underlie traits where weeds diverge from their
ancestors, require introgression to explain their presence in weedy rice. OsC1 is an
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interesting gene in the de-domestication process from aus to aus-like weed. In the
OsC1 gene tree, we observed very clear separation between aus-like weed and aus
cultivars, with the aus-like haplotypes being basal on the tree (Figure S3.4). Similarly,
aus-like weed shows significantly more nucleotide diversity when compared to aus
(Table 3.4; Table 3.5), and the FST between these two groups is very high (Table 3.6).
This probably suggests that for the OsC1 gene, aus cultivars went through strong
domestication bottleneck, while during de-domestication, aus-like weed diversified by
the release of selection.
In this study, we provided multiple evidences on several of the most important
domestication and de-domestication traits to prove the existence of parallel evolution
on the mechanism level in weedy rice. We have previously proved the convergence of
several weedy traits in the phenotypic level, and assessed the degree of convergence
of weedy traits (Huang et al., 2017). In this study, we further closed the gap of
understanding in parallel evolution of weedy traits by investigating the genotypes of
several candidate genes, and linking the genotypes in each accession to their
phenotypes (Table 3.1).
We accumulated evidences that weedy rice from different areas of the world
(US and South Asia), and also with different ancestries (aus, indica and wild)
repeatedly, and independently used the same alleles on the same genes (eg. Rc); or
even utilized other mechanisms not included as the major-effect gene to evolve
similar traits (eg. Bh4)
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Table 3.1. Weedy rice traits candidate genes in the SureSelect analysis
Gene name

MSU6 locus

Gene function

Rc

LOC_Os07g11020

Pericarp color

Causative mutation

References

14-bp deletion in exon 6 is associated with white pericarps. A single bp substitution leads
Sweeney et al.,2006, The Plant Cell 18, 283-294
to a premature stop codon and causes loss of pigmentation in rice cultivar

Bh4

LOC_Os04g38660

Hull color

Sh4

LOC_Os04g57530

Seed shattering

22-bp frame-shift deletion in exon 3 is associated with straw hull

Zhu et al., 2011, Plant Physiology, 155, 1301-1311

Nonsynonymous G/T substitution in exon 2, with T allele associated with loss of
Li et al., 2006, Science 311,1936-1939
shattering in cultivars
OsCPL1

LOC_Os07g10690

PROG1

LOC_Os07g05900

Seed shattering

Not specified, most likely A/G substitution in exon 6

Tiller angle and

Jin et al., 2008, Nature Genetics, 40(11), 1365-1369;
Combination of 3 SNPs and 1 InDel leading to fewer tillers and compact tiller in cultivars
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number of tillers

Hd1

HD3a

Ji et al., 2010, Plant Journal 61, 96-106

Tan et al., 2008 Nature Genetics 40(11), 1360-1364

Days to flowering

Multiple deletions and loss of function mutations contribte to day length insensitivity in

(day)

flowering time

Days to flowering

Multiple polymorphisms in promoter sequence, making two groups with higher expression

(day)

in group B than group A. Higher expression correlated to shorter days to flowering

LOC_Os02g12380

Takahashi., 2009, PNAS, 0812092106

LOC_Os06g06320

Takahashi., 2009, PNAS, 0812092106

Multiple SNP and indel polymorphisms defining Sdr4-n and Sdr4-k alleles, with Sdr4-n
Sdr4

LOC_Os07g39700

Seed dormancy

Sugimoto et al., 2010, PNAS
associated with reduced dormancy

Two frameshift mutations one 2 bp and another 10 bp, that are associated with the loss of
OsC1

LOC_Os06g10350

Apiculus color

Saitoh et al., 2004, Genetics 168, 997-1007
coloration in apiculus

Table 3.2. Categorical phenotypic traits in South Asian Oryza groups
Pericarp
Group

Awn

Hull

Tiller angle

red

white

present

absent

black

straw

<30

30-60

60-90

15 (100%)

0 (0%)

10 (67%)

5 (33%)

12 (80%)

3 (20%)

4

4

0

indica-like (5)

3 (60%)

2 (40%)

2 (40%)

3(60%)

0 (0%)

5 (100%)

2

2

0

wild-like (5)

5 (100%)

0(0%)

5 (100%)

0 (0%)

4 (80%)

1 (20%)

2

3

0

admixed (10)

8 (80%)

2 (20%)

9 (90%)

1 (10%)

7 (70%)

3 (30%)

3

4

0

aus (14)

5 (36%)

9 (64%)

2 (17%)

12 (83%)

2 (17%)

12 (83%)

3

3

0

indica (13)

3 (23%)

10 (77%)

0 (0%)

13 (100%)

1 (8%)

12 (92%)

5

1

0

17 (94%)

1 (6%)

16 (89%)

2 (11%)

15 (83%)

3 (17%)

1

1

4

Weedy rice

aus-like (15)

South Asian
wild rice
89

(18)

Table 3.3. Quantitative phenotypic traits in Asian Oryza groups. Numbers in brackets beside means are standard
deviations
Days to flowering1

Tiller number2

Shattering3

Seed length/width4

aus-like (8)

132.00(26.14)a

8.44(3.35)

2.14(5.79)d

3.85(0.48)bc

indica-like (5)

114.00(18.93)ab

11.11(6.68)

17.46(16.70)bc

3.49(0.43)c

wild-like (5)

108.87(37.60)b

11.50(4.14)

8.36(19.05)d

4.35(0.45)ab

admixed (7)

135.77(54.99)ab

7.57(3.95)

14.70(16.58)c

3.49(0.35)c

aus (7)

123.04(23.49)ab

7.71(1.50)

25.61(17.92)ab

3.71(0.62)c

indica (6)

104.00(18.36)b

7.00(2.97)

35.96(5.49)a

3.89(0.51)bc

South Asian wild rice (6)

117.54(44.49)ab

11.44(7.55)

2.47(5.51)d

4.73(0.59)a

South Asian weed (25)

90

Kuskal-Wallis

0.04701457

0.4040086

ANOVA
1

No chamber effect detected

2

Chamber effect detected, only data from Chamber 1 plants were used in the analysis

3

No chamber effect detected

4

No chamber effect detected

9.42E-08
6.85E-08

Table 3.4: Summary statistics on silent sites for candidate genes and all loci sequenced by
SureSelect
Oryza group
Locus
Rc

Summary
statistics

0.0029

0.0033

0.0018

0.0039

0.0027

0.0089

-0.5243

-0.9636

0.2043

0.4154

-1.5138
0.6020

π (silent)

0.0068

0.0092

0.0059

0.0096

0.0013

0.0141

θw (silent)

0.0074

0.0077

0.0074

0.0115

0.0015

0.0130

-0.2999

0.8084

-0.7779

-1.2185

-0.9726

0.3387

π (silent)

0.0004

0.0000

0.0009

0.0000

0.0090

0.0058

θw (silent)

0.0002

0.0000

0.0021

0.0000

0.0083

0.0083

0.6457

-1.2382

NA

-2.1241

NA

0.0012

0.0002

0.0014

0.0002

0.0019

0.0021

θw (silent)

0.0011

0.0002

0.0012

0.0002

0.0020

0.0037

0.5482

-0.4237

0.9208

0.2431

-0.2959

-1.7838

π (silent)

0.0000

0.0011

0.0010

0.0089

0.0089

0.0087

θw (silent)

0.0000

0.0024

0.0023

0.0106

0.0071

0.0107

-1.1491

-1.1594

-1.0485

1.4588

-0.6036

(silent)

NA

π (silent)

0.0370

0.0115

0.0270

0.0224

0.0142

0.0262

θw (silent)

0.0215

0.0100

0.0234

0.0224

0.0155

0.0268

3.2036

0.6550

0.6888

0.0000

-0.6395

-0.0956

π (silent)

0.0020

0.0042

0.0011

0.0050

0.0056

0.0105

θw (silent)

0.0021

0.0057

0.0008

0.0054

0.0049

0.0143

-0.2112

-1.1386

1.5573

-0.5650

0.9696

-1.1144

π (silent)

0.0003

0.0059

0.0071

0.0004

0.0112

0.0124

θw (silent)

0.0006

0.0059

0.0053

0.0005

0.0098

0.0130

-1.4905

-0.0041

1.3323

-0.8165

1.0781

-0.1910

π (silent)

0.0018

0.0022

0.0018

0.0036

0.0036

0.0037

θw (silent)

0.0011

0.0023

0.0033

0.0034

0.0035

0.0063

1.3759

-0.1269

-1.3165

0.2431

0.2431

-1.3434

0.0041

0.0040

0.0044

0.0048

0.0062

0.0090

Tajima’s D
(silent)

Tajima’s D
(silent)

Tajima’s D
(silent)

Tajima’s D
(silent)
genes

1.1224

π (silent)

Tajima’s D

All 128

wild

θw (silent)

(silent)

Sdr4

weed

0.0057

Tajima’s D

OsC1

weed

0.0029

(silent)

HD3a

weed

0.0040

Tajima’s D

Hd1

wild-like

0.0021

(silent)

PROG1

indica-like

0.0026

Tajima’s D

OsCPL1

aus-like

0.0025

(silent)

sh4

indica

π (silent)
Tajima’s D

Bh4

aus

π (silent)
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θw (silent)
Tajima’s D
(silent)

0.0040

0.0043

0.0044

0.0049

0.0060

0.0105

-0.0211

-0.2047

-0.0885

-0.1591

0.2740

-0.8180

> mean + 2 SD
pi or theta <0.0005
>2 or < -2
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Table 3.5. Changes in nucleotide diversity between weed groups and ancestors

Locus
Rc
Bh4
Sh4
OsCPL1
PROG1
Hd1
HD3a
OsC1
Sdr4
All 128 genes

Summary

aus-like

indica-like

wild-like

statistics

weed/aus

weed/indica

weed/wild

π (silent)

0.8067

1.5513

0.5024

θw (silent)

0.6200

1.1861

0.3057

π (silent)

0.8705

1.0400

0.0906

θw (silent)

1.0000

1.4895

0.1180

π (silent)

2.5200

NA

1.5609

θw (silent)

9.0000

NA

0.9991

π (silent)

1.1925

0.8864

0.8980

θw (silent)

1.1053

0.7448

0.5348

π (silent)

NA

7.8077

1.0211

θw (silent)

NA

4.4730

0.6611

π (silent)

0.7291

1.9474

0.5434

θw (silent)

1.0873

2.2273

0.5800

π (silent)

0.5514

1.1840

0.5336

θw (silent)

0.3571

0.9517

0.3467

π (silent)

26.0720

0.0690

0.9012

θw (silent)

8.5002

0.0827

0.7498

π (silent)

0.9990

1.6270

0.9695

θw (silent)

2.9971

1.4914

0.5510

π (silent)

1.0648

1.2176

0.6913

θw (silent)

1.0943

1.1458

0.5722

π (silent)

4.1876

0.7775

-0.3350

Ancestor being over three fold more diverse than weed group
Weed group being over three fold more diverse than ancestor group
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Table 3.6: Pairwise FST between weed groups and ancestors for each of the 15
candidate genes (hudson 1992)
aus-like vs aus

indica-like vs indica

wild-like vs wild

Rc

0.0123

0.0000

0.2917

Bh4

0.6362

0.0000

0.3067

Sh4

0.0884

NA

0.1047

OsCPL1

0.1825

0.0000

0.0943

PROG1

0.1364

0.0124

0.2072

Hd1

0.0414

0.0063

0.1421

HD3a

0.6478

0.0000

0.0304

OsC1

0.6124

0.0523

0.1952

Sdr4

0.2279

0.0000

0.1386

All 128 genes

0.1717

0.0142

0.1654
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Table 3.7. Shattering phenotype and Sh4 functional polymorphism in Oryza accessions

Group

Strong

Medium

shattering

shattering

(0g)

(<20g)

No shattering
(>=20g)

T

K*

G

aus (7)

0

0

0

4

0

2

1

0

indica (5)

0

0

0

0

0

5

0

0

japonica (2)

0

0

0

0

0

2

0

0

admixed cutivar (1)

0

0

0

0

0

0

0

1

aus-like (9)

2

0

1

6

0

0

0

0

indica-lke (5)

0

1

0

3

0

1

0

0

wild-like (5)

0

0

2

0

2

0

0

1

admixed (3)

0

0

0

1

0

2

0

0

1

0

3

0

1

0

0

0

Cultivars (15)

T

G

T

K

G

South Asian weedy rice (22)

South Asian wild rice (5)

* K is the ambiguity code representing the nucleotide of G or T. Having a K allele in
funcitonal SNP is most likely due to the heterozygous T/G genotype in an individual
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Table 3.8. Pericarp color phenotype and Rc gene variation in Oryza accessions
Group

Pericarp color
Red

White

Rc

rc

Rc-s

Rc

rc

Rc-s

aus (14)

4

0

1

1

1

7

indica (13)

3

0

0

0

10

0

japonica (11)

0

1

0

1

9

0

admixed cutivar (5)

3

0

0

1

1

0

aus-like (15)

15

0

0

0

0

0

indica-lke (5)

2

1

0

0

2

0

wild-like (4)

4

0

0

0

0

0

8

0

0

0

2

0

17

0

0

0

1

0

Cultivars (43)

South Asian weedy rice (34)

admixed (10)
South Asian wild rice (18)
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Table 3.9. Hull color phenotype and Bh4 gene variation in Oryza accessions
Group

Hull color
Black

Cultivars (33)

22-bp Del

Straw

No Del

22-bp Del

No Del

aus (10)

0

1

7

2

indica (10)

0

0

7

3

japonica (10)

0

0

8

2

admixed cutivar (3)

1

0

1

1

aus-like (12)

0

9

1

2

indica-lke (5)

0

0

4

1

wild-like (4)

0

3

0

1

admixed (8)

2

4

2

0

0

7

0

3

South Asian weedy rice (29)

South Asian wild rice (10)
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Figure 3.5: Neighbor joining (NJ) tree of Sdr4 haplotypes. The color range indicates
the three sdr4 alleles. The ring and the bullets indicate Oryza groups, as labeled in the
key. Numbers on branches are bootstrap values larger than 50.
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CHAPTER IV

WEEDY RICE WITH DIVERSE GENETIC ANCESTORS HAS
DIFFERENT PHYSIOLOGICAL PERFORMANCES

4.1 Introduction

Agricultural weeds are plants that infest crop fields and adversely harm
agricultural production. According to weed science society of America, weeds cause
tremendous loss in crop yield. The adverse effect of agricultural weeds stems from
their competitiveness, which drives down crop yields. Competitiveness refers to the
ability of an organism to reduce the fitness of another organism through its presence.
A plant can be more competitive either by capturing spaces and resources more
efficiently or by using resources more efficiently (Radosevich, Holt, and Ghersa
1997).
Weedy rice (Oryza spp.), a type of weed that infests cultivated rice (O. sativa)
fields throughout the world, is believed to be a strong competitor of cultivated rice
from the early vegetative growth stage to harvest. Competition between weedy rice
and cultivars, as well as the competition among rice cultivars is a serious agricultural
problem, leading to severe yield losses every year worldwide (Caton, Cope, and
Mortimer 2003). For example, in Malaysia, 74% of cultivated rice yield is lost due to
infestations of weedy rice. In the Southern Rice Belt in US, 65% of rice area in
Louisiana, 25% in Arkansas, Texas and Missouri, and 15% in Mississippi suffer from
economic loss due to weedy rice (Gealy, 2000). In US alone, weedy rice infestations
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can lead to an estimated annual economic losses of over $45 million (Gealy and Yan
2012; Estorninos et al. 2005).
The two most well studied weedy traits benefitting weed competitiveness at
the harvest stage are seed shattering and seed dormancy. Seed shattering enables weed
seeds to escape harvest and disperse in the field (Li, Zhou, and Sang 2006; Fischer et
al. 1995), and seed dormancy promotes survival of weed seeds in the soil seed bank
(Gu et al. 2005). However, the mechanisms contributing to competitiveness at the
vegetative growth stage have not been fully studied in weedy rice. Weedy rice has
often been reported to grow taller and produce more tillers than cultivars, and to
easily release most of its seeds early in several areas of the world (Shivrain et al.
2010). A field competition study conducted at Stuttgart, AR, USA showed that even
low populations of weedy rice can greatly reduce cultivated rice growth, and the taller
the weedy rice ecotype stature is, the stronger the impact on cultivar performance
(Estorninos et al. 2005). There is also indication that weedy rice may have more
efficient nitrogen assimilation than cultivated rice: a hydroponics study comparing
weedy rice and a cultivar known as Wells conducted in Arkansas revealed that weedy
rice had significantly higher growth measurements under low nitrogen treatments
when compared with cultivated rice (Sales et al. 2008). Another experiment using
weedy rice from Malaysia, the Philippines and Vietnam, as well as a cultivated rice
variety (IR64) showed that under competition, addition of nitrogen leads to greater or
similar amount of shoot biomass gain in weedy rice when compared to cultivated rice
(Chauhan and Johnson 2011). A complicating aspect of studies for weedy rice
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competitiveness is the independent evolution of several weedy rice populations
(Londo and Schaal 2007; Reagon et al. 2010; Huang et al. 2017), and it is unknown if
all these groups are equally competitive at the vegetative stage.
Although there is no predefined list of traits that can account for degree of
vegetative competitiveness among weedy rice plants, previous research has shown
that some physiological traits can make cultivated rice more competitive in the field.
In a study carried out in Brazil on the photosynthetic ability of hybrid and inbred rice
varieties (Concenco et al. 2011), hybrid plants presented higher photosynthetic
capacity in terms of sub-stomatal CO2 content, photosynthetic rate and CO2 consumed,
so that they resulted with higher dry mass accumulation under the conditions of
competition. Chlorophyll and carbohydrates (CHOs) content are also often included
among the list of traits measuring rice competitiveness (He et al., 2006). Chlorophyll
is majorly composed with nitrogen, and thus its content is a good indicator of nitrogen
supply. Also chlorophyll content is directly associated with the leaf color (Adhikari et
al. 1999), and the leaf color, especially the greenness of leaves, has long been used as
a noninvasive criteria to determine the health and stress level of plants (Richardson,
Duigan, and Berlyn 2002) . CHOs are produced by photosynthetic tissues and
transported to other organs as soluble sugars and stored as starch. Content of CHOs
that accumulate in rice plants as main sources of energy supply can have an impact on
plant vitality (Zhang et al. 2012). Starch content in source leaves, and sucrose content
in sink organ, such as root, have been proven to be important markers of early vigor,
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defined as biomass accumulation ability at the vegetative growth stage (Rebolledo et
al., 2012).
Another important aspect of rice competitiveness is nitrogen assimilation,
indicating the ability to absorb inorganic nitrogen (N) compounds in the environment
and form organic nitrogen compound, such as amino acids (Xu et al., 2012).
Percentage of total nitrogen in leaf tissue is one measurement to quantify this trait, as
it includes various N forms, including nitrate-nitrite, ammonia, reduced N and organic
N (Rhee, 2001). N plays an important role in many biological processes, including
genetic transmission (DNA, RNA), plant growth (proteins, enzymes) and
photosynthesis (chlorophyll), and is the rate-limiting element for plant growth. In
agriculture, one important objective of plant breeding is to maximize the efficiency of
nitrogen usage (John, D. 2007) due to increasing fertilizer costs as well as
environmental concerns. Many agronomic traits (crop growth rate, leaf area index,
plant height, tiller number, spikelets per panicle, grain filling) and physiological
processes (photosynthetic and respiratory systems, nitrogen and carbon metabolism)
of rice are negatively affected under nitrogen-deficient conditions (Novoa and Loomis
1981). Weedy rice has been hypothesized to accumulate more N and convert to
biomass, and respond to higher N rates better than cultivated rice (Burgos et al. 2006).
Therefore, performance under different N regimes may be an important component of
weedy rice competitiveness (Chauhan and Johnson 2011).
Diverse genetic backgrounds have been detected for weedy rice populations
existing all over the world. Both cultivated rice varieties and wild rice have been
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found to contribute to weedy rice origins from multiple geographic areas (Reagon et
al. 2010; Song et al. 2014; Huang et al. 2017). In US, rice cultivars known as aus and
indica are the two major contributors to weed ancestry (Reagon et al. 2010). In South
Asia, local wild rice (Oryza rufipogon), together with aus and indica cultivars
contribute to local weedy rice origins (Z. Huang et al. 2017). These diverse ancestries
might also contribute to different levels of weed competitiveness phenotypically and
physiologically. Previous studies on weedy rice from diverse geographic areas, and
with heterogeneous ancestries revealed certain level of morphological character
convergence (Ziska et al. 2015). Such morphology convergence is described as
“agricultural weed syndrome”, as a suite of adaptive traits shared by weedy rice,
including seed shattering and red pericarp (Vigueira, Olsen, and Caicedo 2013).
However, there are not enough studies investigating the extent of convergence of
weedy rice physiological performances that could impact weed competitiveness.
To address these knowledge gaps, we collected a panel of weedy rice from
two geographic areas including the US and South Asia (SA), and with three major
ancestries, including aus, indica and wild rice. We then examined various
growth-related vegetative traits under two nitrogen conditions and compared these to
ancestral groups of each weedy rice population. We further examined patterns of gene
expression in a subset of weedy and cultivated samples. We were particularly
interested in: (i) determining whether weedy rice groups perform better than
cultivated rice at the vegetative growth stage, (ii) identifying the list of traits that
contribute to weedy rice competitiveness, (iii) identifying differentially expressed
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genes regulating weed competitiveness, and (iv) assessing the impact of nitrogen
supply level on rice plant performance.

4.2 Material and Methods

4.2.1 Rice plant growth and treatment conditions

We selected a panel of fourteen accessions (genotypes) that included four US
weedy rice (two each from the SH and BHA populations), six South Asian weedy rice
with aus, indica and wild rice ancestry as identified by Huang et al., (Huang et al.
2017), and two each of aus and indica cultivars (Table S4.1). Originally, we also
included two tropical japonica rice cultivars in the panel (Table S4.1), a type of
cultivar that is commonly grown in the US; however, these two accessions failed to
do well and we thus excluded them from all analyses. Six replicates were grown for
each accession in the same growth chamber in a randomized block design, with an 11
hour day length, day temperature of 30oC and night temperature of 27oC. Seeds were
sown in 4’’ x 4’’ x 10’’ pots (Treepots, Hummert International Missouri, USA). Rice
Cornell mix soil (1 1/2 bales peat, 2 bags medium to course vermiculite, 5 lbs lime
and 1 lb 30z Peter’s Unimix Plus III) was used as the starting soil with nitrogen
content of 0.9%. A total of 0.26 g granule triple superphosphate (0-45-0) was applied
to each plant at the day of planting. Plants were fertilized weekly with a diluted
content for a total of 0.049g potassium chloride (0-0-62) and 0.03g iron (Sprint 330)
per plant before harvest.
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The six replicates of each accession were evenly separately into two treatment
groups, low nitrogen (LN) and optimal nitrogen (ON). No additional nitrogen was
applied to the LN treatment plants throughout the experiment. For the ON treatment,
0.337g of total urea (converted to 150 kg N/ha content) per plant was applied with
half of the amount at 15 days after emergence (DAE) and the other half at 37 DAE.

4.2.2 Plant growth and physiological trait measurements

For all plants, height, growth rate and Soil and Plant Analyzer Development
(SPAD) index were measured at 10, 15, 20 and 45 DAE to capture aspects of plant
growth before and after nitrogen application. Height was measured from soil surface
to the tip of the longest leaf. Growth rate was measured as centimeters of growth per
day. SPAD index was measured with atLEAF+ chlorophyll meter Ver 1.0 (FT Green
LLC, Wilmington, DE, USA). The chlorophyll meter measures plant relative
chlorophyll concentration by inserting a leaf into the device aperture, and by
quantifying SPAD index. We originally measured plant height and SPAD at 10, 15, 20,
37 and 45 DAE. Since most of these measurements along the time for the same plant
are highly correlated, we decided to focus on plant height and SPAD at 45 DAE as it
is the last measurement capturing vegetative growth, and it is closest to the time we
took other destructive measurements. In order to quantify the major growth period
during vegetative growth stage, we measured the growth rate between 15 DAE and 45
DAE by calculating the centimeters of growth per day (Table S4.2).
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Vegetative growth phases, defined as the phases from germination to panicle
initiation, are the first phases of rice development. These developmental phases are
usually marked as V stages. With V1 defines as when the first complete leaf pushes
through the prophyll and forms a collar, and stages starting from V2 defined as the
collar formation on leaf n on the main stem (Moldenhauer and Slaton 2001). In this
study, we recorded vegetative development rate as the days from emergence to
different V stages. Since a subset of plants in our panel started the reproductive phase
after the collar formation on leaf nine, we decided to record V1 and V8 as the initial
and final vegetative development rate (Table S4.2).
All plants were harvested at 55 DAE. Upon harvest, the second youngest fully
expanded leaf on the main stem was cut fresh for chlorophyll content measurement,
and the second youngest fully expanded leaf on a side tiller was collected for soluble
and storage carbohydrate content measurements. The rest of the above ground plant
tissue was collected and dried in an 80oC oven and dry biomass was measured seven
days after drying. Dried plants were ground into fine power, and one gram of powder
from each plant was sent to the University of Massachusetts soil and plant tissue
testing laboratory for total nitrogen percentage test with catalytic combustion method
(Pt/Al2O3) (Table S4.2). Total nitrogen percentage in leave tissue shows the amount
of nitrogen in all formats including ammonia, organic and reduced nitrogen, nitrates
and nitrites (Ranker 1925), remaining in plants.
Chlorophyll content was measured according to the protocol described by
Inskeep and Bloom (1985), by immersing weighed fresh leaf tissue in DMF for 24
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hours at 4oC in dark, and then measuring A664.5 and A657 with a spectrophotometer
(Table S4.2). Soluble carbohydrates were extracted by immersing approximately
25mg of dried and ground leaf tissue into 2ml of water, followed by overnight
shaking in an 80oC incubator. D-glucose, D-fructose and sucrose content in
supernatant

was

measured

by

Sucrose/D-Glucose/D-Fructose

kit

(catalog#

10716260035) (R-Biopharm AG, Darmstadt, Germany) (Table S4.2).
Starch was extracted by immersing approximately 50mg dried and ground leaf
tissue into HCl (8M) and DMSO, incubating the mixture at 60oC for 60 minutes,
adding 5ml redistilled water, and then adjusting the pH value of the liquid to 4 or 5
with NaOH (5M). Starch content in the supernatant was measured by Starch kit
(catalog# 10207748035) (R-Biopharm AG, Darmstadt, Germany) (Table S4.2).

4.2.3 Photosynthesis measurements

Photosynthesis was measured on two different days, 47 and 55 days after
planting, before any destructive sampling for other analysis. Plants measured were in
development stages ranging from V8 to V10 (a few plants had already reached
flowering and the vegetative growth had terminated). An infrared gas exchange
analyzer (LiCor 6400; LiCor Inc., Lincoln, NE) was used for measurements.
Photosynthesis (A), transpiration rate (E) and stomatal conductance (gs) were
measured simultaneously (Long and Bernacchi 2003). Measurements with a relative
humidity of over 55%, and stomatal conductance between 0.30 to 0.65 were
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considered effective. We used a 2 cm wide attachment chamber, and completely
covered chamber space with the second and fourth youngest leaves on the main stem
(Table S4.2).

4.2.4 Statistical analysis for differentiation between the two nitrogen treatments

A Shapiro test was performed on each trait for LN and ON treatments
separately to check for normality. For traits that follow normal distribution with both
LN and ON treatments, we performed two-way ANOVA for treatment, genotype, as
well as the interaction between the two factors. For traits not following normal
distribution in one or both treatments, we performed a Wilcoxon rank-sum test to test
for differences between treatments.

4.2.5 Linear mixed model and Wilcoxon rank sum test for each treatment

Since our complete dataset is not influenced by a small number of outliers or
skewed by non-normality, we performed linear mixed model and post-hoc Wilcoxon
rank sum tests to look for differences among rice genotypes with different ancestry
(aus, indica and wild) and Oryza type (US weed, SA weed and cultivar) group
designations for the LN and ON treatments separately. For the ON treatment, we
performed linear mixed model analysis on all traits measure. For the LN treatment,
we only analyzed the four traits we found to be significantly impacted by nitrogen
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limitation (SPAD at 45 DAE, photosynthesis, chlorophyll and total nitrogen
percentage).
We took into account the two types of groupings, ancestry (aus, indica and
wild) and Oryza type group (cultivar, US weed and SA weed), and further separated
genotypes into a 3×3 table, with two genotypes in seven of the nine cells of the table.
Since there are no cultivars with wild ancestry, and no US weeds with wild ancestry,
these two of the nine cells are empty. The nine cells were considered as fixed effects
in the ANOVA model. The genotypes in each cell were considered random draws
from the collection of all possible genotypes that fall in a given cell, and hence
random effects.
We included the following physiological traits for the linear mixed model,
glucose, fructose, sucrose, total sugar, starch, SPAD at 45 DAE,

chlorophyll

concentration, height at 45 DAE, growth rate, V1, V8, dry biomass, total nitrogen
percentage and photosynthesis rate (Table 4.2). We performed linear mixed model fit
of maximum likelihood (lmerMod) with the formula “trait ~ ancestry_group +
Oryza_type_group + (1 | genotype)” with the “lme4” package in R.
We also performed pairwise comparisons between weeds and their crop
ancestors. We did not compare between weeds with wild ancestry and wild rice
because wild rice accessions were not included in our panel. Due to the small sample
size within each weed and ancestor group, the measurements for traits do not follow
normal distribution. We thus performed Wilcoxon rank sum test to determine the
significance of differences for weed-cultivar pairs (Table 4.3).
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4.2.6 RNA extraction and library preparation

Due to the limitation of leaf tissue available in the physiology panel, we
re-planted a subset of this panel using the same growth chamber conditions and
providing an ON treatment on July, 1st, 2015, and harvested the third and fourth fully
expanded leaf from the top at 55 DAE for RNA-seq sampling. We picked four
accessions to re-plant with three replicates each, including one indica cultivar (sin11),
one US weed with indica ancestry that belongs to the group SH (rr09), one aus
cultivar (sau76) and one US weed with aus ancestry that belongs to the group BHA
(rr20). Collected leaf tissue was frozen at -80oC and ground with mortar and pestles.
A Qiagen RNeasy Plant Mini Kit (Valencia, CA) was used to extract RNA. A
Bioanalyzer 2100 (Agilent Technologies, Inc.) was used to qualify and quantify RNA
samples. Only RNA samples with RNA Integrity Number (RIN) > 7.5 were used for
library preparation. Libraries (a total of 12) were constructed with NEBNext mRNA
Library Prep Master Mix Set for Illumina kit (New England BioLabs Inc.). Total RNA
was fragmented into smaller pieces, and then synthesized into the first and second
strand of cDNA with reverse transcriptase and random primers. NEBNext singleplex
Oligos for Illumina as indexes of each library were added during the preparation
(New England BioLabs Inc.). A Qubit fluorometer and Qubit dsDNA BR
(broad-range) Assay Kit (Thermo Fisher Scientific, MA, USA) were used to quantify
cDNA library. High quality cDNA libraries were normalized with 0.1xTE to 4nM
content before sequencing.
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4.2.7 Next Generation Sequencing and RNA-seq data analysis

We used two Illumina NextSeq500 Mid Output Kits (150 cycles) for pair-end
sequencing of six libraries on each flowcell in the Genome Resource Lab at the
University of Massachusetts Amherst. The quality of raw sequencing reads was
investigated

with

FastQC

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).

program
For

sequences

of

samples rr20-1, rr20-2, rr20-3 and sau76-1, sau76-2, sau76-3 with low per base
sequence quality, FASTQ Groomer in Galaxy (https://usegalaxy.org/) was used to
convert FASTQ files to FASTSANGER files and Trimmomatic in Galaxy was used to
trim both forward and reverse sequences. Sequences of all samples were then
concatenated with Galaxy.
We used the Tuxedo method (Trapnell et al. 2012) in the CyVerse Discovery
Environment (http://www.cyverse.org/discovery-environment) for RNA-seq data
analysis.

Reads

were

mapped

to

the

rice

reference

genome

MSU7

(http://rice.plantbiology.msu.edu) with TopHat version 2.0.9 (Trapnell, Pachter, and
Salzberg 2009) with the reference genome annotation file using minimum intron
length as 30, mate-pair inner distance as 100 and other settings as default. The aligned
reads were assembled and transcript expression was quantified using FPKM
(Fragments Per Kilobase of transcript per Million fragments mapped) by Cufflinks2
version 2.0.2 (Trapnell et al. 2010). We obtained a rice reference genome annotation
file

in

gtf

format

from

MSU7

(http://rice.plantbiology.msu.edu/annotation_pseudo_current.shtml), and a rice rRNA
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mask

file

in

gff3

format

from

RAP-DB

(http://rapdb.dna.affrc.go.jp/download/irgsp1.html). The rRNA mask file was then
converted to gtf format using the gffread tool in Galaxy. Cuffmerge was used to create
one gtf file of each sample from the three replicates. We then used Cuffdiff2 to detect
differential expression between the four following sets of comparisons: (i) sin11 vs
rr09 (indica vs SH weed), (ii) sau76 vs rr20 (aus vs BHA weed), (iii) sin11 vs sau76
(indica vs aus) and (iv) rr09 vs rr20 (SH weed vs BHA weed). We used two
housekeeping genes, UBQ5 (LOC_Os01g22490) and eEF-1α (LOC_Os03g08020),
which have been shown to be the most stably expressed across rice genotypes, phases
of development and different environment conditions, for normalization of expression
data among genotypes (Jain et al. 2006). Transcripts and genes in the Cuffdiff2 results
with FDR <0.01 and abs(log2 FC)>1 were considered to be significantly differentially
expressed and considered for further analysis. For each set of comparisons, we also
considered as differentially expressed genes that are not expressed in one genotype,
but expressed with >1 FPKM in the other genotype.
In this project, we only take into consideration of transcripts and isoforms
already annotated by the MSU7 (http://rice.plantbiology.msu.edu/) database. We
focused on differential expression tests from the Cuffdiff2 outputs which tests
difference in the summed FPKM of transcripts sharing the same gene IDs.
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4.2.8 GOterm analysis and GOSlim retrieval

We performed gene ontology (GO) term enrichment with agriGO (Du et al.
2010), using the Oryza sativa MSU7.1 nonTE genome as background. Significance
was evaluated using a hypergeometric statistical test, with a Hochberg FDR multiple
correction and a significant cutoff of 0.05; the minimum number of mapping entries
was set to two. We used the Rice Genome Annotation Project database
(http://rice.plantbiology.msu.edu/) for putative function and GOSlim (“The Gene
Ontology (GO) Database and Informatics Resource” 2004) assignments retrieval for
each gene of interest.

4.2.9 Analyzing metabolic pathways of differentially expressed genes with
Mapman

We used MapMan (version 3.5.1) (http://mapman.gabipd.org) to analyze
expression data at the pathway level. Oryza MSU7 annotation was used as the
reference mapping file. Fold change data from the four comparisons, sin11 (indica) vs
rr09 (SH), sau76 (aus) vs rr20 (BHA), rr09 (SH) vs rr20 (BHA) and sin11 (indica) vs
sau76 (aus) were used for MapMan. For genes that expressed in only one genotype,
we arbitrarily assigned 15 or -15 as log2(fold_change). We used a Benjamini
Hochberg correction of multiple comparisons for the Wilcoxon rank sum test report of
bins of interest.
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4.3 Results

4.3.1 Differences between ON and LN on weed/cultivar traits

The comparisons between LN and ON treatments with either two-way
ANOVA or Wilcoxon rank test showed that four of the fourteen traits, SPAD at 45
DAE, chlorophyll content, photosynthesis, and total nitrogen content, show
significant differences between two treatments across Oryza samples (Table 4.1). For
the four traits showing difference between LN and ON, ON always has higher values
than LN, suggesting a negative impact of nitrogen limitation. Average SPAD at 45
DAE is higher in ON than in LN (P = 0.0015). Mean chlorophyll content is higher in
ON than in LN (P = 0.013). Mean total nitrogen percentage is higher in ON than LN
(treatment P = 1.59E-13). Mean photosynthesis rate is higher in ON than in LN
(treatment P = 0.00069).
As expected, the total nitrogen percentage in above ground plant leaf tissue is
positively correlated to the nitrogen applied to the soil. This suggests that the LN
treatment plants are able to either absorb more nitrogen from the soil or to allocate
more nitrogen resources to leaf area if given more nitrogen in the environment.
Nitrogen assimilation from soil is reported to play a big role in the vegetative growth
stage of rice (Fried et al. 1965) by increasing the number of tillers of a rice plant in
the early growth stage, with the absorption of nitrogen from soil mostly finished
before the maximum tillering stage (Mae 1997).
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Photosynthesis related traits (also including SPAD and chlorophyll content)
were detected to be the most immediately impacted by nitrogen limitation. For rice,
obvious symptoms of nitrogen limitation have been reported to be light green leaves,
especially old leaves; chlorotic at leaf tips; narrow and short leaves (Armstrong DL,
2002). In our results, SPAD, the chlorophyll content measured instantly on a leaf by
“greenness”, is significantly lower in LN treatment, which is consistent with the
described symptom of light colored leaves (Table 4.1). Previous research shows
evidence that a large part of N in plant is allocated to leaves throughout its life time,
and about 80% of leaf nitrogen is invested in building chloroplasts, the photosynthetic
apparatus (Morita 1980). Accordingly, the ON treatment with more total nitrogen
percentage in above ground tissue also show significantly higher chlorophyll content
in leaves (Table 4.1). Photosynthesis rate is reported to be almost proportional to the
amount of nitrogen per unit leaf area (Makino et al. 1997). In certain C3 and C4
species, photosynthesis is detected to be linearly dependent on leaf N per unit area
(Sage and Pearcy, 1987). In our experiment, even if we did not measure the nitrogen
content in the same pieces of leaves that we performed photosynthesis measurement
on, we still observed that photosynthesis rate is significantly lower in the LN group
with the co-occurrence of lower total nitrogen percentage and less chlorophyll content
measured using a chemical method.
We discovered the three physiological traits most immediately impacted by
nitrogen level differences, including SPAD, chlorophyll concentration and
photosynthesis rate (Table 4.1). However, based on other physiological measurements,
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we also discovered that our LN treatment did not produce strong enough nitrogen
limitation to induce stress response, such as stunted growth or reduced starch content.
For most of the important physiological traits, including height and dry biomass, we
did not observe differences between the two treatments, and thus physiological
performance-wise, the two treatment groups are very similar to each other.
Accordingly, below we first explore differences arising among groups under optimal
nitrogen conditions for all phenotypes. Then we explore phenotypic differences
among groups that occur in low nitrogen conditions only for the four impacted
physiological traits discovered here.

4.3.2 Vegetative growth differences under ON conditions

To determine if trait differences occurred between groups under ON
conditions, we applied linear mixed models to assess the variances brought by two
grouping factors: ancestry group and Oryza type group. In this model, genotypes were
considered as random effects, while combinations of ancestry and Oryza type groups
were considered fixed effects. For the ancestry grouping, aus was set as the baseline
to compare with indica and wild rice; for the Oryza type grouping, cultivar was set as
baseline to compare with US weeds and South Asian weeds (Table 4.2, Table S4.2).
When assessing fixed effects of group combinations in terms of each trait, we looked
at the t-values against the baseline. T-values in linear mixed models are the
standardized parameters (ß/SE(ß)) (Linear Mixed-Effects Models Using R - A
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Step-by-Step Approach | Andrzej Gałecki | Springer 2017), and in this analysis, we
consider t-values greater than 2 or smaller than -2 as significant enough.
For the five CHO content traits (glucose, fructose, sucrose, total soluble sugar
and starch), the wild ancestry group has significantly higher content than the aus
baseline in all measurements, including glucose (t value = 4.573), fructose (t value =
3.424), sucrose (t value = 3.454), total soluble sugar (t value = 6.466) and starch (t
value = 4.744). The US weed Oryza type group shows significantly higher fructose (t
value = 2.252) and total soluble sugar (t value = 2.433) content than cultivar group (t
value = 2.252) (Table 4.2).
We then looked at the two leaf chlorophyll related traits, SPAD at 45 DAE and
chlorophyll content. Only the indica ancestry group has higher SPAD than the aus
baseline (t value = 2.36). In contrast, chlorophyll content shows no differences among
any groups (Table 4.2).
Height at 45 DAE and growth rate are both significantly higher in the US
weed group than the cultivar baseline (t value = 2.435 and t value =2.442), suggesting
that US weeds grow more and faster during the vegetative stage than their cultivated
relatives. Also, growth rate is higher in the wild ancestry group than the aus baseline
(t = 2.268).
For the two vegetative growth stage (development) measurements, V1 and V8,
we only detected significance in V8. Plants with wild ancestry spend longer time to
reach V8 than the aus baseline (t value= 2.09).

South Asian weeds develop more

quickly to reach V8 than cultivars (t value = -2.997).
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US weeds have significantly smaller N percentage in above ground leaves
than the cultivar baseline (t value = -3.148), though there is a general trend for both
weed groups to contain less total N in leaves. Other traits show no significant
differences among groups (Table 4.2; Table S4.2; Table S4.3).
As a general trend we find that for ancestry group, wild ancestry accessions
are consistently performing better than the baseline in multiple traits including soluble
and storage sugars and growth rate, which perhaps suggests that plants with wild
ancestry tend to have a more optimal usage of the same amount of nutrients during
the vegetative growth stage.
On the other hand, for Oryza type group, although the above ground total
nitrogen percentage in US weeds is significantly less than in cultivars, the US weed
group still has higher levels of some sugars, is taller than cultivars at 45 DAE, and
grows faster. We thus conclude that US weeds can reach the same level of plant vigor
with less N allocated to above ground area (Table 4.2).
To further find out whether weeds perform differently from their ancestors, we
conducted Wilcoxon rank sum test (Table 4.3) for weed-crop pairs with the traits
showing differences in the linear mixed model fit. We made the following four
weed-crop pairs, one for US SH weeds with indica ancestry (rr01, rr09) vs indica
cultivars (sin11, sin31), one for US BHA weeds with aus ancestry (rr05, rr20) vs aus
cultivars (sau71, sau76), one for South Asian indica ancestry weeds (arr29, arr74) vs
indica cultivars (sin11, sin31), and the last one for South Asian aus ancestry weeds
(arr38, arr54) vs aus cultivars (sau71, sau76). Under ON condition, US SH weeds are
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much taller (P = 0.0022) and grow faster (P = 0.0022) than their indica ancestors.
South Asian weeds with aus ancestry have less nitrogen percentage in leaf tissue than
their aus relatives (P = 0.041). US BHA weeds have significantly higher total sugar
content than their aus ancestors (P = 0.041) (Table 4.3).

4.3.3 Performance differences among weed groups for the four traits constrained
by low nitrogen

Since we are also interested in how various groups react to nitrogen limitation,
we performed the same linear mixed model fit on LN treatment only for the four traits
sensitive to nitrogen constraint. Genotypes with wild ancestry show significantly
lower nitrogen than those with aus ancestry (t value = -2.647). Similarly, US weeds
show significantly lower nitrogen content than cultivars (t value = -4.509). This is
possible evidence of genotypes with wild ancestry and US weed performing worse in
nitrogen uptake and/or storage in plant leaf tissue under nitrogen limitation.
Compared to ON treatment, the LN treatment shows even bigger differentiation in
nitrogen percentage between wild and aus ancestry, as well as between US weed and
cultivars (Table 4.2).
No significant difference was detected among groups for SPAD under nitrogen
limitation. However, South Asian weedy rice has lower chlorophyll content than
cultivars (t value = -2.04), which did not manifest under ON. US weeds and South
Asian weeds both have significantly higher photosynthetic rate than cultivar with 2.03
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and 3.06 t values respectively. Interestingly, although cultivated rice have more
chlorophyll in leaf, its photosynthesis rate is significantly lower than weedy rice from
both US and South Asia. Also, although US weedy rice has less nitrogen uptake in
leave tissue than cultivated rice, they still show better photosynthesis rate under
nitrogen limitation. Better photosynthesis rate in both US and South Asian weeds is
only detected in LN, and not in ON, suggesting that under nitrogen limitation,
cultivars tend to lose photosynthetic ability before weeds (Table 4.2).

4.3.4 RNA sequencing quality control

We performed RNA sequencing on vegetative tissue of a subset of the panel
grown in ON conditions, including one aus (sau76) and one indica (sin11) cultivar, as
well as one US indica-like SH (rr09) weed and one US aus-like BHA (rr20) weed, to
identify differentially expressed transcripts between weeds and ancestors that could,
perhaps, account for growth differences. US weeds showed the most altered trait
values compared to cultivars, so RNA-seq was limited to these weeds and their
putative ancestors (Table S4.4). Per base sequence content of FastQC showed that
each sample has a higher GC content than then rice reference genome, likely due to
ribosomal RNA contamination. We masked ribosomal RNA sequences in the
Cufflinks step of Tuxedo methods.
Total reads from the twelve libraries ranged from 13.3 million to 42.2 million
with an average of 30.2 million (Table S4.5). TopHat alignment results show a high
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overall read alignment rate in general, ranging from 79% to 96% (Table S4.5). A
comparison of two major housekeeping genes (UBQ5 and eEF-1α) (Jain et al. 2006)
expression level across the four accessions showed that both genes have high FPKM
values in the Cuffdiff result, and there are no significant expression differences
among samples (Table S4.6). Thus we did not carry out a normalization step between
samples.

4.3.5 Differentially expressed transcripts in weed-crop, weed-weed and crop-crop
comparisons

We contrasted weeds with their crop ancestors (US BHA weed vs aus, US SH
weed vs indica), crop with crop (aus vs indica) and weed with weed (US BHA vs US
SH) to identify differentially expressed transcripts and present/absent transcripts
potentially responsible for weed competitiveness (Table 4.4). Fewer transcripts were
differentially expressed in the two weed-crop comparisons than in the weed-weed and
crop-crop comparisons (Table 4.4; Table S4.7; Table S4.8; Table S4.9; Table S4.10),
suggesting that the differentiation in expression between weed and crop ancestors is
more limited, perhaps due to similar genetic background. A total of 70 differentially
expressed transcripts are shared between the two weed-crop comparisons. A total of
40 differentially expressed transcripts are shared among all four comparisons.
We performed GO term enrichment analysis with agriGO (Du et al. 2010) for
the complete lists of transcripts of interest. The sin11 vs rr09 comparison contains 333
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annotated genes in query list of AgriGO, sau76 vs rr20 contains 217, rr09 vs rr20
contains 511 and sin11 vs sau76 contains 423 (Table S4.11). Both weed-crop
comparisons have a very limited number of biological processes terms enriched in DE
transcripts, with cellular process, photosynthesis and metabolic process terms shared
between them (Table S4.11). The sin11 vs rr09 comparison also has the response to
stress and response to stimulus terms enriched. However, when we compare the
weed-crop enriched terms with terms enriched in weed-weed and crop-crop
comparisons, we did not find any terms specific to the weed-crop comparisons. We
also looked at what terms shared weed-crop DE genes were enriched for, and found
that these include cellular process, response to abiotic stimulus, secondary metabolic
process, photosynthesis, biosynthetic process, metabolic process and response to
stimulus (Table S4.11). For transcripts that were DE across all four comparisons,
enriched terms were similar to the ones of the two weed-crop comparisons, including
response to abiotic stimulus, cellular process, metabolic process, response to stimulus
and response to stress.

4.3.6 Metabolism pathway analysis on RNA-seq genes of interest with Mapman

We used Mapman, a software developed to annotate plant-specific biological
processes, to more specifically classify the functions of DE genes between weeds and
their crop ancestors, and to determine if any of these genes could explain the growth
trait differences observed among groups. . We also performed Mapman analysis on

126

weed-weed and crop-crop comparisons to better understand the differences among the
same Oryza type accessions.
Since Mapman only recognizes gene IDs for MSU v7 genome
(http://rice.plantbiology.msu.edu/) in the mapping file, we prepared input files with
significant expression differences for each gene of interest instead of each transcript
of interest for the four pairs of comparisons. In sin11 (indica) vs rr09 (SH weed)
comparison, we found 267 DE genes, 181 DE genes in sau76 (aus) vs rr20 (BHA
weed) comparison, 412 DE genes in rr09 (SH weed) vs rr20 (BHA weed), and 327
DE genes in sin11 (indica) vs sau76 (aus) comparison.
In the rr09 vs sin11 comparison, the 267 DE genes were mapped to 486
different pathway bins, and some genes were mapped multiple times to different bins.
We are interested in discovering genes or related pathways that can explain the
physiological traits we measured in our experiment. For primary metabolism, we
detected genes involved in the photosynthesis pathway for light reaction photosystem
II (LOC_Os04g59440, LOC_Os03g17174), photorespiration (LOC_OS10g37180,
LOC_Os01g51410) and calvin cycle (LOC_Os12g19470, LOC_Os12g17600 and
LOC_Os01g64660) (Table S4.12), and they expressed at higher levels in rr09 than
sin11. The photosynthesis related gene, LOC_Os01g64660 is annotated as
fructose-1,6-bisphosphatase, which expresses significantly higher in rr09 (SH weed)
than in sin11 (indica) (Table S4.13). This perhaps can explain the higher level of
fructose in leaf tissue in US weed when compared to cultivars (Table 4.2).
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For sugar and sugar derivatives metabolism, eight DE genes are involved in
the sucrose-starch pathway, and we looked into the annotation and function of each
gene, and here we highlight the following genes which have complete annotation and
with interesting physiological functions. The sucrose hexokinase (LOC_Os05g09500)
expressed at lower levels in rr09 than sin11 (Table S4.13), suggesting a tendency
towards glucose storage in weed. Two starch synthase genes (LOC_Os07g22930 and
LOC_Os06g06560) are expressed more highly in rr09 when compared to sin11 (Table
S4.13), suggesting a potential to convert glucose to starch in the weed. For plant
glycolysis, the most interesting gene is LOC_Os04g43710, the glycolysis cytosolic
branch phosphor-enol-pyruvate carboxylase kinase, expressed more highly in sin11.
The starch cleavage gene (LOC_Os10g32810) and starch glucan water dikinase gene
(LOC_Os12g20150) are expressed more highly in rr09 than sin11 (Table S4.12; Table
S4.13).
For the secondary metabolism pathways, a total of 25 genes were involved.
Among

these,

phenlypropanoids,

lignin

(eg.

LOC_Os02g08100

and

LOC_Os02g41630), and flavonoids (LOC_Os03g13390) related genes expressed at
lower levels in rr09 than in sin11. On the other hand, carotenoids (LOC_Os12g43130),
MVA (LOC_Os04g56230) and non-MVA (LOC_Os05g50550) pathway related genes
express more highly in rr09 than sin11 (Table S4.12; Table S4.13).
Hormone related genes including abscisic acid (LOC_Os02g47510), ethylene
(LOC_Os05g28740, LOC_Os05g05680, LOC_Os10g39140 and LOC_Os03g08500)
and salicylic acid (LOC_Os11g15040); as well as WRKY transcription factors all
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express less in rr09 than sin11. Other bins including cell wall, beta glucanase,
proteolysis, redox state and signaling all show differentiation in expression (Table
S4.12; Table S4.13).
In the rr20 vs sau76 comparison, the 181 genes were mapped to 314 different
bins. Similar to the previous weed-crop comparison, light reaction photosystem II
shows differential expression, however with two different genes (LOC_Os08g35420
and LOC_Os07g05360) involved. The former gene, encoding a chlorophyll binding
protein D1, shows a Log(FC)=-9.8 between rr20 and sau76. This is particularly
interesting because of the large expression difference on this gene. Only one gene
(LOC_Os08g02120), the sucrose fructokinase, is differentially expressed in the whole
sucrose-starch pathway. For the secondary metabolism pathway, in contrast to the
other weed-crop comparison (sin11 vs rr09), phenlypropanoids and lignin (eg.
LOC_Os02g08100, LOC_Os02g41630, LOC_Os02g41650, LC_Os08g38900 and
LOC_Os02g09490); and flavonoids (LOC_Os03g60509) all expressed more highly in
rr20 when compared to sau76. The same carotenoid synthesis related gene
(LOC_Os12g43130) as in the other weed-crop comparison (sin11 vs rr09), expressed
less in rr20 than sau76. Hormone metabolism genes related to auxin synthesis
(LOC_Os02g12890), ethylene synthesis (LOC_Os08g26820) and jasmonate synthesis
(LOC_Os03g28940), as well as PR-proteins are expressed more highly in rr20 than
sau76. Respiratory burst related gene (LOC_Os01g25820), redox state related gene
(LOC_Os12g12170) and glutathione S transferase gene (LOC_Os10g38710) all
express at lower levels in rr20 than sau76. The bins including cell wall, proteolysis
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and signaling all contain some genes that show differentiation in expression (Table
S4.12; Table S4.13).
We are interested in discovering the pathways or related genes most important
for weed evolution from crop ancestors, and thus compared the MapMan results of
rr09 vs sin11 and rr20 vs sau76. Similar bins are mapped for the two weed-crop
comparisons. Light reaction photosystem, sucrose-starch, phenlypropanoids and
lignin, flavonoids, carotenoids, ethylene, cell wall proteolysis and redox are the bins
shared between the two comparisons. Interestingly, even if the same sets of bins are
mapped, the individual DE genes involved in these pathways are quite different
between two comparisons (Table S13), with only a small portion of the genes shared
between two comparisons. More interestingly, even for the same bins and the same
DE genes of interest, the over-expression can happen in either direction for the two
comparisons. One example is the two shared genes found in the photosynthesis bin
(LOC_Os04g59440 and LOC_Os12g19470); in the rr09 vs sin11 comparison both
genes are expressed at higher levels in the weed, while for rr20 vs sau76 both genes
are expressed at lower levels in the weed (Table S4.13). A similar pattern is seen in
the six shared genes of the secondary metabolism, all these genes show opposite
expression patterns between weed and crop.
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4.3.7 Associations between RNA-seq genes of interest and phenotypic
differentiation

In the vegetative trait measurements of our study, we observed that US weedy
rice has lower total nitrogen content than cultivars, higher total sugar content than
cultivars and faster growth rate than cultivars (Table 4.2; Table S4.3). We examined
the list of differentially expressed transcripts and genes of interest to detect candidates
that could be responsible for the phenotypic differences we observed. Two N-response
genes (LOC_Os01g48960 and LOC_Os04g56400) were detected in the rr20 (aus-like
weed) vs sau76 (aus) and rr09 (indica-like weed) vs sin11 (indica) comparisons
(Table 4.5). A list of sugar and sugar derivative pathways related genes were detected
in the two weed-crop comparisons (Table 4.5). A cyclin related protein gene,
LOC_Os03g19520, comes up in the rr20 vs sau76 comparison, possibly contributing
to plant growth (Table 4.5). A list of phytohormone genes, including auxin, ethylene
and salicylic acid related are detected in the rr09 vs sin11 comparison, which are
probably important regulators to plant growth (Table 4.5).

4.4 Discussion
Rice plants compete for space and nutrients as early as in the vegetative
growth stage. Such competitiveness can be presented by growth and physiological
traits including faster growth, more biomass, better nutrient uptake, more efficient
metabolism and etc. However, there have not been enough studies investigating a
panel of plant traits for both weedy rice varieties and their ancestors under the same
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growth conditions. In an effort to determine how competitiveness related vegetative
traits differ between cultivated rice and its related noxious weed, weedy rice, we
exposed a panel of weedy and cultivated Oryza from different geographic regions and
ancestry to two levels of nitrogen. In our study we assessed the performance of rice
plants from three ancestry groups (indica, aus and wild) and three Oryza type groups
(cultivar, US weed and SA weed).
The nitrogen-limited conditions we employed did not seem to be severe
enough to have much effect on plant growth all around. In particular, the LN
treatment wasn’t low enough to induce strong stress to the plants or lead to severe
symptoms in growth and physiology traits (Table 4.1; Table S4.2). However, our LN
treatment did reveal the traits most sensitive or vulnerable to lower nitrogen
application in the soil in weedy and cultivated rice. We discovered that all plants are
affected in the total nitrogen accumulation in above ground tissue, with a mean of
2.69% N in the ON treatment and only an average of 1.93% N in the LN treatment
(Table 4.1). This difference in nitrogen percentage in plant tissue suggests that
nitrogen accumulation in leaf tissue in our experiment is positively correlated with N
applied in the soil, and we might be able to detect N induced physiological changes.
Interestingly, under LN, the most plants with the lowest levels of above ground
nitrogen accumulation were weeds, in particular US weeds and SA weeds with a wild
background (Table 4.2). This suggests that weed evolution probably has led to plants
that are less efficient at accumulating nitrogen under limiting conditions, and
contrasts reports of weedy rice being a competitive nitrogen accumulator (Burgos et
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al. 2006). Another possibility is that weedy rice is actually a better nitrogen
accumulator, while instead of allocating N resources to above ground tissue, both US
and South Asian weeds invest N to root tissue under LN condition, so as to enhance
the nutrient absorbtion under N limitation in the environment.
Three traits we measured were most responsive to the N supply differences,
including SPAD at 45 DAE, chlorophyll content in leaf and photosynthesic rate
(Table 4.1). Plants with ON treatment showed significantly better performance in
these three traits than those in the LN treatment (Table 4.1), suggesting that these
traits are correlated in their response to nitrogen supply conditions. This observation
is consistent with reports about N deficiency symptoms in plants, with light green
leaves as the most obvious symptom (Uchida 2000; Huang et al. 2004; Yoshida and
Coronel 1976). Low levels of nitrogen had a particular impact on low photesyntehic
rate in wild-like weeds (Table 4.2), suggesting these weeds may not be very
competitive under limiting circumstances. However, US weeds and SA weeds as a
whole managed to maintain a higher photosynthetic rate than cultivars despite
nitrogen limitations (Table 4.2), suggesting a great ability to compensate despite the
mildly limiting conditions, and suggesting that for most weed types, nitrogen
limitation in tissues will not necessarily affect competitiveness.
In cultivated rice fields, weedy rice is most often exposed to optimal nitrogen
conditions, particularly in developed countries, as farmers tend to fertilize their crops.
Thus, we consider our experiments under optimal nitrogen conditions to better reflect
the performance of weedy rice in the field. Ancestry-wise we found that rice with
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wild ancestry (which in this case tends to be South Asian weeds with a wild
background) tends to have better overall performance by having higher vegetative
growth rate and containing more CHOs (glucose, fructose, sucrose and starch) (Table
4.2), and CHOs are the major sources of energy supply, suggesting higher early vigor
in these plants (Zhang et al. 2012). However, rice with wild ancestry also has a slower
developmental rate, suggesting the delay of these plants to enter the reproductive
stage (Counce, Keisling, and Mitchell 2000). With respect to Oryza type group, US
weedy rice tends to perform better than aus and indica cultivars by being taller at 45
DAE and having a higher growth rate, a trend that seems to be driven by SH weeds
(Table 4.2 and Table 4.3), and by containing more fructose and total sugars in leaves,
a trend that seems to be driven by BHA weeds (Table 4.2 and Table 4.3). These
enhanced growth traits occur in US weeds even while containing less total nitrogen in
above ground tissue than cultivars and SA weeds (Table 4.2), though this was not
significant in pairwise weed-ancestor comparisons (Table 4.3).
Faster plant growth has long been considered as an important factor of plant
competitiveness (Lastdrager, Hanson, and Smeekens 2014), since when competing for
scarce resources including nutrients and light, faster growth is beneficial. US weedy
rice in Arkansas has also been observed to accumulate more sucrose in shoot tissues
than japonica cultivars in hydroponics experiments (M.A. Sales, N.R. Burgos and
B.G. de los Reyes, unpubl.obs). Plant nitrogen metabolism is associated with carbon
metabolism, and thus plant starch and soluble sugar concentration in leaf has also
been used to indicate nitrogen nutrition in rice (Lee, Kwon, and Park 1990). The
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physiological vigor of plants is proved to be dependent upon the steady respiration
rate supported by the continuous supply of sugar reserves (Mortimore and Ward
1964). A study in corn revealed that the high level of soluble sugar in corn stalk is
correlated to plant vitality (Mortimore and Ward 1964).
Interestingly, photosynthesis related traits and biomass were not significantly
different from cultivars for US weeds, suggesting that this is not the mechanism by
which these weeds have evolved competitiveness, at least at the time point of the end
of vegetative stage that we took measurements. Surprisingly, SA weeds taken as a
whole don’t seem to perform differently from cultivars in growth traits, and it is thus
fair to ask if they should be considered more competitive than crops, though do note
the exception for wild-related weeds above (Table 4.3).
In both ancestry group and Oryza type group comparisons, higher CHO
content co-occurs with faster growth rate. Wild ancestry accessions have higher
glucose, fructose, sucrose, total sugar and starch, as well as significantly higher
growth rate when compared with aus baseline (Table 4.2). Similarly, US weeds have
higher fructose, total sugar, as well as higher height at 45 DAE and growth rate when
compared to cultivar baseline (Table 4.2). Various other studies also have reported
that sugar level is a determinant of vegetative growth level, since sugars play a central
regulatory role in steering plant growth (Deprost et al. 2007; Hakata et al. 2012;
Smeekens et al. 2010; Robaglia, Thomas, and Meyer 2012). For example, Hakata et al
reported that longer leaf phenotype in rice is usually accompanied by higher levels of
sucrose and starch in leaves.
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Previous studies on the nitrogen and sugar concentration of upper rice leaves
performed on japonica and indica cultivars (Wang et al. 2006) and indica-based
japonica crossed rice cultivar (Nagata et al. 2001), showed that soluble sugar
concentration in leaves decrease with increasing nitrogen rate, and in our study, we
observed similar results with US weed having lower total nitrogen percentage than
cultivar while higher fructose and total sugar content (Table 4.2; Table 4.3).
Interestingly, similar trend is not detected in South Asian weeds, which probably
suggests that weeds from different areas develop different levels of competitiveness
during evolution. We suspect that when there is more nitrogen in plants, more
assimilated carbon may integrate into nitrogen to make hard-to-breakdown
compounds such as amino acid and protein, and thus there resulting less reserved
non-structural carbons (eg. soluble sugar) in the leaf tissue (Nagata et al. 2001).
In this study, we focused on the competitiveness between weed and cultivars
with respect to ancestral cultivars and close relatives of ancestors, instead of the
actual performance in the fields. SA weeds are most often directly competing with aus
and indica cultivars. However, since tropical japonica is the only variety of cultivar
grown in US, the US weeds actually always compete with tropical japonica cultivars
in the fields. In our experiment, we only measured the ancestral cultivars of US weeds,
including aus an indica, but we did not measure physiological performances for
tropical japonica accessions (Table S4.1).
Given the greater phenotypic differences that occur between US weeds and
their cultivated ancestors than between SA weeds and their ancestors (Tables 4.2 and
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4.3), we decided to explore possible genes that could explain these phenotypic
differences (Table S4.4). We reasoned that important genes would be those involved
in sugar assimilation, growth and nitrogen accumulation, and that these should show
different levels of expression among weeds and cultivars.
Previous studies have demonstrated the important roles of sugar signals in
controlling plant growth, and various networks and factors have been revealed. Sugar
is found to modulate almost all fundamental plant growth processes (Smeekens et al.
2010). Sugar metabolizing enzymes and sugar transporters have been discovered to
interconnect with plant growth (Tiessen and Padilla-Chacon 2012). Cell volume
increase and cell division result in plant growth, and sugar availability in leaf tissue is
a major sensor to regulate cell divisions (Osuna et al. 2007; Usadel et al. 2008).
While our study only compares the transcriptome of a single individual of
each weed or crop group, we think it provides a plausible candidate list of genes that
may be responsible for growth traits differences arising during weed evolution. We
observed from the RNA-seq results that some DE genes between weeds and crop
ancestors may be correlated with sugar-mediated plant growth regulation (Table 4.5;
Table S4.13).
Among the two weed-crop comparisons, we discovered several DE genes that
have CHO metabolism related functions (Table 4.5; Table S4.13). The list of the sugar
derivative pathway genes include those related to the synthesis of fructose
(LOC_Os01g64660, LOC_Os11g07020), sucrose (LOC_Os03g07480) and starch
(LOC_Os06g06560, LOC_Os07g22930 and LOC_Os10g32810) (Table 5). Most
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sugar pathways genes are only differentially expressed between SH weed and indica,
and only one fructose-bisphospate aldolase isozyme gene appear in both SH-indica
and BHA-aus comparisons (Table 4.5).
De novo protein synthesis is fundamental to plant growth, and we expect to
see amino acid and protein related pathways having differential gene expression
among plants. And indeed, in both weed-crop comparisons, we found seven and four
amino acid metabolism related genes that are differentially expressed, including those
responsible for synthesis and degradation. We also found twenty-eight genes in rr09
vs sin11 and twenty-one genes in rr20 vs sau76 that are related to protein synthesis,
targeting, posttranslational modification and protein degradation (Kojima et al. 2007).
Sucrose level has been detected to induce phytochrome-interacting factors
(PIFs), and thus regulate plant growth (Liu et al. 2011) (Stewart, Maloof, and
Nemhauser 2011). Phytohormones including auxin, abscisic acid and ethylene can
trigger PIFs (Leivar and Quail 2011). For example, auxin metabolism is modulated by
sugar content via the PIF regulation pathway (Ljung 2013) (Lilley et al. 2012)
(Sairanen et al. 2012). We thus expect phytohormone related gene to be differentially
expressed between weed and crop so as to regulate PIFs and plant growth. In rr09 vs
sin11 comparison, we detected one abscisic acid gene, three auxin genes, four
ethylene genes, and one salicylic acid gene differentially expressed. Similarly, for the
rr20 vs sau76 comparison, one auxin gene, one ethylene gene and one jasmonate gene
are differentially expressed.
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Energy and nutrient stress are usually due to biotic and abiotic stresses plants
experience (Lastdrager, Hanson, and Smeekens 2014). Such stress is reported to
activate Snf1-related kinase 1 (SnRK1) (Smeekens et al. 2010) in Arabidopsis, and
then result in an inhibition of plant growth. We are interested in finding out stress
related genes and pathways in weed crop comparisons to explain about the growth
rate differences between weed and crop relatives. In the GO term analysis of rr09 vs
sin11, we found the enriched term of response to stress and response to biotic
stimulus. For the rr09 vs sin11 comparison, one biotic stress PR-protein
(LOC_Os11g37759) is expressed in rr09 but not sin11, another PR-protein gene
(LOC_Os03g29350) is expressed more in sin11; two other biotic stress genes
(LOC_Os10g04180 and LOC_Os12g09720) are expressed more in rr09. Three abiotic
stress genes (LOC_Os04g53490, LOC_Os11g01330 and LOC_Os12g31460) are
expressed more in rr09 and one (LOC_Os04g46390) more in sin11. On the other hand,
for rr20 vs sau76 comparison, a different set of five biotic stress genes are
differentially expressed (Table S4.11).
In our RNA-seq study, we included two weed vs crop pairs, including an SH
weed (rr09) vs an indica (sin11) ancestor, and a BHA weed (rr20) vs an aus (sau76)
ancestor. Even if the two main types of weedy rice in US, SH and BHA, evolved to be
weeds in the same geographic area, they have been shown to have evolved separately
and have they differ is some morphological traits (Londo and Schaal 2007; Reagon et
al. 2010). One aim of our RNA-seq study was to assess whether SH and BHA gained
or lost the same set of traits during weed evolution. Another aim was to investigate
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whether the same genetic mechanisms may have been involved in the evolution of
similar weed competitiveness traits (Arendt and Reznick 2008).
Both SH (indica-like) and BHA (aus-like) weeds have some similar
physiological modifications from their respective ancestors to become successful
weeds (Reagon et al. 2011; Thurber et al. 2014). Phenotypically, such modifications
in US weedy rice have been described by other studies to be faster growth, taller,
more tiller and seeds productions than cultivars it competes with in the field
(Leopoldo E. Estorninos, Gealy, and Talbert 2002), as well as more nitrogen and
sucrose accumulation (M.A. Sales, N.R. Burgos and B.G. de los Reyes, unpubl. Obs).
Gene expression-wise, DE genes in both weed-crop comparisons are involved in the
following functions: photosynthesis, CHO metabolism, lipid metabolism, amino acid
metabolism, secondary metabolism, hormone metabolism and stress (Table S4.13).
However, even if the two weed-crop comparisons share similar pathway bins, the
specific genes involved are usually quite different between comparisons (Table S4.13).
More interestingly, even if the exactly same genes are differentially expressed in the
two comparisons, the direction of the differential expression can be different in each
comparison, with either the weed or the crop having higher expression in each
comparison. This phenomenon we observed can possibly serve as one of the proofs
that different mechanisms are used during the evolution of weeds with diverse
ancestries. Also, since CHO metabolism and growth are complicated traits regulated
by networks or modules of genes, with the involvement of multiple hormones and
various transcription factors (Lastdrager, Hanson, and Smeekens 2014), the
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expression level changes of individual genes are far from enough to determine the
performance of plants.
We observed considerable physiological differences between two cultivars,
sin11 (indica) vs sau76 (aus) and between the two US weeds, rr09 (SH) and rr20
(BHA). Aus is a lot taller, grow faster and develop slower than indica, and it also
contains very little amount of sucrose, total sugar and starch when compared to indica
(Table S4.4). SH weed has a lot higher photosynthesis rate than BHA weed (Table
S4.4). We thus also analyzed RNA-seq results for indica-aus and SH-BHA
comparisons to detect if the similar set of DE genes can explain the physiology
differences as in weed-cultivar comparisons. Both indica-aus and SH-BHA
comparisons have more transcripts with expression differences than weed-cultivar
comparisons (Table S4.9; Table S4.10), and SH-BHA is the comparison with the
largest number of significantly enriched biological process GO terms (Table S4.11),
as well as the most number of functional bins with DE genes in Mapman results
(Table S4.12). These findings suggest that SH-BHA weeds are the most different from
each other, while aus-indica is with the second most difference. Compared with
weed-weed and cultivar-cultivar, the genetic divergence needed to evolve from a
cultivar ancestor to weed is not as much. Indica-aus and SH-BHA comparisons are
found to share a number of genes that could explain the phenotypic differences as the
two weed-cultivar comparisons (Table 4.5). The DE genes in weed-cultivar
comparisons associated with nitrogen response, sugar derivative pathways, plant
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growth and phytohormone also appear in indica-aus or SH-BHA comparisons (Table
4.5).
We discovered a list of genes that are probably associated with the
physiological advantage of weeds when compared to cultivar ancestors. Taking into
consideration the DE genes of weed-weed and crop-crop comparisons, we observed
that some of the physiological advantage pathways are not unique to weed evolution
only (Table 4.5; Table S4.11; Table S4.12). Also, the weed evolution processes from
aus and indica do not always use the same set of pathways or genes, even for the
evolution of similar physiological advantages (Table 4.5). This study enhance our
knowledge of weed advantages in the vegetative growth stage of rice, and revealed
some candidate pathways and genes underlying the improvement in rice.
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Table 4.1. ANOVA and Wilcoxon rank tests for the comparisons between LN and ON treatments for each vegetative trait
Low Nitrogen Treatment

Optimal Nitrogen Treatment

ANOVA p-value

Wilcoxon p-value

Shapiro-Wilk
Traits*

Mean (SE)

Shapiro-Wilk p-value

Mean (SE)

Treatment

Genotype

Treatment*Genotype

p-value
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Height_45 (cm)

99.30 (2.37)

0.066

98.18 (2.82)

0.039

0.435

SPAD_45

38.91 (0.47)

0.025

41.54 (0.42)

0.199

0.002

(45-15)/30 (cm/day)

1.78 (0.07)

0.156

1.76 (0.08)

0.282

V1 (days)

3.88 (0.08)

0.000

3.86 (0.12)

0.001

0.823

V8 (days)

33.32 (0.74)

0.000

33.39 (0.69)

0.342

0.463

Chlorophyll concentration (mg/g)

3.72 (0.16)

0.013

4.34 (0.15)

0.306

0.013

Glucose (g/100g)

0.65 (0.08)

0.000

0.52 (0.07)

0.000

0.914

Fructose (g/100g)

1.63 (0.14)

0.079

1.38 (0.11)

0.035

0.996

Sucrose (g/100g)

1.76 (0.37)

0.000

1.18 (0.23)

0.002

0.555

Total sugar (g/100g)

4.04 (0.47)

0.000

3.09 (0.29)

0.701

0.911

Starch (g/100g)

1.30 (0.18)

0.000

0.94 (0.14)

0.000

0.477

Dry biomass (g)

9.36 (0.56)

0.727

9.28 (0.64)

0.230

0.432

5.300E-15

0.590

Photosynthesis rate

9.61 (0.41)

0.173

11.17 (0.31)

0.875

0.001

1.950E-04

0.016

Total nitrogen percentage (%)

1.93 (0.08)

0.097

2.69 (0.05)

0.246

0.000

1.570E-05

0.531

Significant test statistics P-values are highlighted in bold
* Traits significantly different between LN and ON treatments are highlighed in bold.

0.952

1.780E-09

0.505

Table 4.2. Linear mixed model analysis for genotypes from different ancestry and Oryza groups
Fixed effects

Treatment

Trait

Ancestry group t-value (aus as baseline)
indica to
baseline

wild to baseline

Random effects
Oryza type group t-value
(cultivar as baseline)
US weed to

SA weed to

Genotype

baseline

baseline

variance

Residual variance
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ON

Glucose (g/100g)

1.114

4.573

1.269

0.371

0

0.1214

ON

Fructose (g/100g)

1.42

3.424

2.252

0.206

0

0.341

ON

Sucrose (g/100g)

0.742

3.454

0.983

0.256

0

1.627

ON

Total sugar (g/100g)

1.75

6.466

2.433

0.465

0

1.53

ON

Starch (g/100g)

0.908

4.744

0.851

0.178

2.94E-14

4.89E-01

ON

SPAD_45DAE

2.36

-0.53

0.73

0.38

2.064

3.319

ON

Chlorophyll concentration (mg/g)

0.694

-1.129

1.64

-0.185

0

0.7609

ON

Height_45DAE (cm)

0.437

1.775

2.435

-0.656

94.16

121.36

ON

Growth rate: (45-15)/30 (cm/day)

0.514

2.268

2.442

-0.415

0.07381

0.11122

ON

V1 (days)

0.434

0.343

-0.266

0.266

0

0.5886

ON

V8 (days)

-0.709

2.09

-0.914

-2.997

0

15.07

ON

Dry biomass (g)

-0.064

0.195

0.732

0.977

8.715

6.793

ON

Photosynthesis rate

0.132

-0.533

0.801

-0.315

1.358

2.16

ON

Total nitrogen percentage (%)

-0.1

-1.51

-3.148

-1.802

0

0.08475

LN

SPAD_45DAE

1.78

-1.07

-1.7

-1.49

0.1856

6.5915

LN

Photosynthesis rate

1.203

-3.455

2.031

3.064

0

3.948

LN

Chlorophyll concentration (mg/g)

-0.033

0.06

-0.466

-2.04

0

0.9285

LN

Total nitrogen percentage (%)

0.761

-2.647

-4.509

-1.946

0

0.172

Significant test statistics t-values are highlighted in bold

Table 4.3. Wilcoxon rank tests for weeds and their crop ancestors under ON treatment
Trait

Ancestry group

weed vs crop comparison

P-value

Fructose (g/100g)

indica

US weed (1.82) vs cul (1.22) *

0.3095

SA weed (1.20) vs cul (1.22)

0.9372

US weed (1.41) vs cul (0.94)

0.132

SA weed (1.06) vs cul (0.94)

1

US weed (123.68) vs cul (84.38)

0.002165

SA weed (87.82) vs cul (84.38)

0.5887

US weed (100.87) vs cul (100.22)

0.9372

SA weed (86.02) vs cul (100.22)

0.1797

US weed (2.48) vs cul (1.32)

0.002165

SA weed (1.46) vs cul (1.32)

0.5887

US weed (1.76) vs cul (1.77)

0.9372

SA weed (1.44) vs cul (1.77)

0.5887

US weed (2.49) vs cul (2.83)

0.09307

SA weed (2.82) vs cul (2.83)

0.9372

US weed (2.59) vs cul (3.00)

0.06494

SA weed (2.58) vs cul (3.00)

0.04113

US weed (42.8) vs cul (42.17)

0.8182

SA weed (44.18) vs cul (42.17)

0.229

US weed (41.78) vs cul (40.57)

0.6991

SA weed (39.52) vs cul (40.57)

0.335

US weed (3.59) vs cul (2.65)

0.3939

aus
height_45DAE (cm)

indica
aus

growth rate (cm/day)

indica
aus
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total nitrogen percentage
(%)

indica

aus
SPAD_45DAE

indica
aus

total sugar concentration
(g/100g)

indica

aus

SA weed (2.56) vs cul (2.65)

0.9372

US weed (3.03) vs cul (1.52)

0.04113

Development rate: V8
(days)

indica

aus

* Average value of the measurement for the group

SA weed (2.08) vs cul (1.52)

0.9372

US weed (34.8) vs cul (33.67)

0.2189

SA weed (29.67) vs cul (33.67)

0.1438

US weed (32.83) vs cul (36.67)

0.2598

SA weed (31.17) vs cul (36.67)

0.1481
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Table 4.4: Summary of differentially expresssed transcripts and transcripts present in one genotype only in the four pairs of comparisons
of RNA-seq

Comparisons

sin11 (indica) vs rr09 (SH
weed)
sau76 (aus) vs rr20 (BHA
weed)
rr09 (SH weed) vs rr20 (BHA
147

weed)
sin11 (indica) vs sau76 (aus)

Expression

Expressio

G1>G2 *

n G1<G2

G1:present
, G2:
absent

G1:
absent,
G2:
present

Total

Total

G1>G

G1<G

2

2

Total
differentially

Total

transcript

expressed

present/absent

s of

transcripts

interest

166

167

114

82

280

249

333

196

529

100

121

94

119

194

240

221

213

434

330

186

51

365

381

551

516

416

932

263

120

78

329

341

449

383

407

790

*G1 represents the first genotype mentioned in the comparison, and G2 represents the second genotype mentioned in the
comparison.

Total

Table 4.5. Oryza RNA-seq genes of interest with potential associations with the phenotypic differentiation
Rice transcript

Rice gene description

Type

Comparisons *

LOC_Os01g48960.1

glutamate synthase, chloroplast precursor, putative, expressed

DEG

rr20 > sau76 **

LOC_Os04g56400.1

glutamine synthetase, catalytic domain containing protein, expressed

DEG

N-response genes (Obertello et al., 2015)

rr09 > sin11, rr09 > rr20,
sin11 < sau76

Sugar and sugar derivative
pathways/signals
rr09 > sin11, rr09 > rr20,
LOC_Os01g64660.1

fructose-1,6-bisphosphatase, putative, expressed

DEG
sin11 < sau76
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LOC_Os03g07480.1

sucrose transporter, putative, expressed

DEG

rr09 < sin11, rr09 > rr20

LOC_Os03g22120.1

sucrose synthase, putative, expressed

DEG

sin11 > sau76

LOC_Os03g52460.1

glucose-1-phosphate adenylyltransferase large subunit, putative, expressed

DEG

rr09 > rr20

LOC_Os04g53310.1

soluble starch synthase 3, chloroplast precursor, putative, expressed

DEG

rr09 > rr20

LOC_Os06g06560.1

starch synthase, putative, expressed

DEG

rr09 > sin11, rr09 > rr20

LOC_Os06g14510.3

glucose-6-phosphate isomerase, putative, expressed

DEG

rr09 > rr20

DEG

rr09 > rr20, sin11 > sau76

pyrophosphate--fructose 6-phosphate 1-phosphotransferase subunit alpha,
LOC_Os06g22060.1
putative, expressed
LOC_Os07g22930.3

starch synthase, putative, expressed

DEG

rr09 > sin11, rr09 > rr20

LOC_Os10g32810.1

beta-amylase, putative, expressed

DEG

rr09 > sin11, rr09 > rr20

LOC_Os11g07020.1

fructose-bisphospate aldolase isozyme, putative, expressed

DEG

rr09 > sin11, rr20 < sau76,
rr09 > rr20, sin11 < sau76
transcript present in
LOC_Os11g24240.1

sinapoylglucose choline sinapoyltransferase, putative, expressed

rr09 vs rr20
rr20 and absent in rr09

Plant growth
LOC_Os03g19520.2

cyclin-related protein, putative, expressed

DEG

rr20 < sau76, sin11 < sau76

LOC_Os09g23350.1

trehalose synthase, putative, expressed

DEG

rr09 < rr20

transcript present in
LOC_Os12g32130.1

trehalose phosphatase, putative, expressed

sau76 and absent in

sin11 vs sau76

sin11
LOC_Os03g54084.1

phytochrome C, putative, expressed

DEG

sin11 > sau76

LOC_Os01g48060.1

auxin response factor, putative, expressed

DEG

sin11 < sau76

LOC_Os02g57250.1

OsIAA10 - Auxin-responsive Aux/IAA gene family member, expressed

DEG

rr09 < sin11

LOC_Os03g22270.1

auxin-repressed protein, putative, expressed

DEG

rr09 < sin11

LOC_Os03g53150.1

OsIAA13 - Auxin-responsive Aux/IAA gene family member, expressed

DEG

rr09 > sin11, rr09 > rr20

LOC_Os05g33900.1

auxin-induced protein 5NG4, putative, expressed

DEG

rr09 > sin11

LOC_Os11g44810.1

auxin-repressed protein, putative, expressed

DEG

Phytohormone
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rr09 < sin11, rr09 < rr20,
sin11 > sau76
LOC_Os01g13200.1

abscisic acid insensitive 8, putative, expressed

LOC_Os02g43790.1

ethylene-responsive transcription factor, putative, expressed

DEG

sin11 > sau76

transcript present in sin
rr09 vs sin11
11 and absent in rr09
S-adenosyl-L-methionine:benzoic acid/salicylic acid carboxyl
LOC_Os11g15040.4

DEG
methyltransferase, putative, expressed

* > or < signs are used in the comparisons to show which genotype expressed higher or lower
** Weed-cultivar comparisons

rr09 < sin11, sin11 vs sau76

CHAPTER V

CONCLUSIONS

5.1 Dissertation conclusions

Conspecific weedy rice (Oryza spp.) that infests agricultural fields has been of
great interest in scientific studies for decades. From the practical standpoint, weedy
rice is a major agricultural weed found everywhere rice is planted and reduces yields
by up to 80% (Ziska et al., 2015). Understanding the origins and competitiveness of
weedy rice can help scientists design methods to mangae weedy rice problem. From
the evolutionary standpoint, weedy rice offers striking examples of rapid evolution
and adaptation. The multiple independent origins of weedy rice from different
ancestors all over the world (Londo and Schaal, 2007; Reagon et al., 2010; Huang et
al., 2017) make it a great system to study parallel or convergent evolution at both
genetic and phenotypic levels.
Previous studies in our lab focused on US weedy rice (Reagon et al., 2010).
The two major groups of US weedy rice, BHA and SH, originiated from aus and
indica cultivars that are not grown in the US. In my research, I extended the weedy
rice population genetics study to a global scale, with a focus on samples collected in
South Asia, an area where aus and indica are both grown, and wild rice present near
agricultural lands. I also made use of high density genome-wide variations across the
rice genome to survey a broad enough range of Oryza germplasm. My chapter II
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study further provided evidences for the multiple independent evolution events giving
rise to weedy rice groups. In South Asia, aus and indica cultiars, as well as local wild
rice contributed to weedy rice origins. The phylogeny analysis including weedy rice
from both US and South Asia revealed that US weedy rice originated from single
colonization events directly from South Asian cultivars, but not South Asian weedy
rice.
The broader collection of weedy rice from both geographic areas, along with
the improved knowledge of weedy rice origins, enable us to further study the
convergence of weedy rice traits. Weedy rice is known to show some degree of
weediness trait convergence, and some of these traits are believed to be hallmark traits
that define weedy rice (Vigueira, Olsen and Caicedo, 2013). In Chapter III, I
characterized a list of phenotypic traits, and discovered that seed shattering, red
pericarp and compact plant architecture are the three major phenotypes South Asian
weedy rice from all origins converge on.
I connected the seed shattering phenotype and its candidate gene sh4 genotype
in the South Asian Oryza panel, and discovered that the G to T point mutation that
facilitated rice domestication can not explain the re-acquisition of seed shattering
phenotype in cultivar-like South Asian weedy rice. Similar phenomenon is detected in
US weedy rice, and two different sets of QTLs were discovered to explain the
re-acquisition of shattering phenotype in BHA and SH weed groups. I suspect that
South Asian weedy rice with aus, indica and wild rice origins may use several sets of
mechanisms to re-acquire the shattering phenotype. This finding adds one more
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example to the parallel evolution studies that appearance of the same phenotype may
have many different genetic bases. On the sh4 gene tree, we observed that both
aus-like and indica-like weed mix with their cultivar ancestors, but are further away
from wild rice and wild-like weeds. This finding, together with the phylogeny tree
based on genome-wide variation suggests that both cultivar-like weeds in South Asia
arise after the domestication bottleneck, and thus prove the fact that the two
cultivar-like weed groups are de-domesticated from cultivated rice.
I also connected phenotypes I measured on Oryza panel, including pericarp
color, hull color, plant architecture and flowering time to polymorphisms on candidate
genes related to these traits. For several traits, including pericarp color and hull color,
weedy rice inherited the phenotype from ancestors, and the candidate genes we
genotyped can mostly explain the phenotypes. However, for traits such as plant
architecture and flowering time, other genes that were not genotyped in my study
might explain the phenotype we see in weedy rice.
Although multiple other published studies have investigated the evolutionary
origins and weedy rice traits, there has been a lack of studies focusing on the
physiological performance of weedy rice and their ancestors. In Chapter IV, I
performed extensive physiological measurements to better characterize the growing
performances of weedy rice accessions when compared with cultivar ancestors under
both low nitrogen and optimal nitrogen conditions. Under low nitrogen conditions,
weedy rice are found to use lower or similar percentage of nitrogen in above ground
tissue to obtain even higher photosynthesis rate, this suggests that weeds may have
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some advantages when compared to cultivars by not investing much nitrogen
resources but to have similar plant vigor. Under the same optimal nitrogen conditions,
US weeds are found to grow faster than cultivars and their South Asian counterparts;
and weedy rice with wild rice origins tend to accumulate more total sugar and starch
in leaf tissue than accessions with cultivar ancestry.
In both Chapter II and Chapter IV, I am interested in detecting the genetic
level differences between weedy rice and their cultivar ancestors. We discovered from
the population genetics analysis in Chapter II that cultivars and cultivar-like weeds are
in general very similar at the genome level. Thus, the relatively small proportion of
genome that differentiates cultivar-like weeds from cultivars, as well as the
differentially expressed genes between the two groups can explain the basis of
weediness evolution.
I performed genome-wide FST scans to detect genes containing outlier SNPs
that are highly divergent between cultivar-like weeds and cultivars, in the following
four comparisons: BHA vs aus, aus-like vs aus, SH vs indica and indica-like vs
indica. Among divergent genes of the four comparisons, the top ranked biological
process gene ontology terns are strikingly similar with many terms related to
metabolic process, however, I almost observed no evidence of parallel evolution at
genetic level as the four comparisons rarely share genes.
In Chapter IV, I performed RNA-seq analysis to determine differentially
expressed genes between weeds and ancestors, with two pairs of comparisons,
including SH vs indica and BHA vs aus. Differentially expressed genes I discovered
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include those related to nitrogen response, sugar and sugar derivative pathways, plant
growth and phytohormone.
My thesis studies provided valuable insights and high-quality data regarding
various aspects of weedy rice not only at genome and transcriptome scale, but also at
phenotype and physiology scale. The findings from my thesis are great contributions
to both the parallel evolution and the weed management fields.

5.2 Future work

In light of the results of my thesis research, I discovered several more
independent evolutionary origins of weedy rice in South Asia, along with those
already discovered about US weedy rice. For future work, our lab is currently
expanding GBS analysis to Oryza samples collected from even more geographic
regions, including South America and Spain. In order to have a better global scale
view of weedy rice evolution, we need better collection of germplasms including
diverse cultivar varieties and wild rice found in more world regions. Eventually, the
population structure analysis needs to be performed with a large scale of samples
from several world areas, so that we can further infer relationships among Oryza
groups and geographic areas, and tell the history of weedy rice occurance.
In my maximum-likelihood phylogeny tree of Chapter II, for some key
branches, I did not obtain high bootstrap value supports. For example, there is still
some ambiguity with the aus-like weed and aus cultivar branch, leading to the
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inconsistency between the phylogeny tree and the coalescent analysis results. Such
confusions about Oryza group relationships can be resolved by including more
accessions, or more SNPs in the population genetics analysis.
My Chapter II results did not reveal the timing of weedy rice evolution well
enough in South Asia and US. The long existing questions of when weedy rice arose
and when de-domestication happened still have not been anwered by my thesis. As for
future studies, more extensive coalescent analyses based on larger weedy rice
population with several ancestries, and with even more polymorphisms across the
genome should be carried to infer the timing of weed de-domestication, along with the
cultiar domestication. The cultivar domestication time should be compared with other
studies (Civáň et al., 2015; Huang et al., 2012) to calibrate the evolutionary clock, and
thus the inferrance of weed de-domestication time will be more accurate.
In order to learn more about the pathways that regulate weediness evolution,
future work should also investigate several of the genes in Chapter II that contain high
divergence SNPs between weed and cultivar ancestor. For example, the genes
encoding enzymes in the anthocyanidin and proanthocyanidin synthesis pathways,
qSH1 gene that influence seed shattering, several genes in the flowering time pathway,
and the MOC1 gene in the tillering pathway are all worth further sequencing and
expression analysis.
In Chapter III of my thesis, I observed some interesting convergence for some
weediness traits. Unfortunately, I was not able to measure the seed dormancy trait due
to the long storage time of the seeds we obtained from IRRI. Seed dormancy is very
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critical to weedy rice, as it determines how long a weedy rice seed can persist in field
before germination. I believe that better characterization of seed dormancy time in
weedy rice with different ancestries can benefit weed management and also
evolutionary studies.
One gene I found very interesting to be included in target sequencing analysis
is An-1, which is a gene that regulates awn development, grain size and grain number
in rice. Given that awn presence and grain size can be two of the traits that evolved
and adapted in weedy rice, and we also already have the phenotype data of the two
traits, the future study should characterize the An-1 gene to detect polymorphisms
possibly explaining the phenotypes in weedy rice.
In my plant physiological studies in Chapter IV, my low nitrogen treatment did
not induce strong enough stress response of cultivar and weedy rice plants. Several
nitrogen application levels should be tried in future studies, to observe the response of
plants to various degrees of nitrogen limitations. I already observed that less nitrogen
allocation in above ground tissue can lead to even higher photosynthesis rate in weedy
rice when compared to cultivars. To answer the question of whether weedy rice
uptakes less nitrogen from soil overall or allocates nitrogen more to the root tissue,
the future work should expand the measurement of nitrogen content to root tissue too,
not only in above groud tissue. Also, the accumulation and usage of nitrogen in plant
organs is a dynamic process. In my thesis, I only took nitrogen content measurements
at one time point. In furure work, researchers should study the transportation of
nitrogen from root to the shoot, and the storage time of nitrogen in root and leaf tissue.
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These studies can provide a better picture of nitrogen resource dynamics in weedy
rice when compared to cultivated rice.
Weedy rice as an Oryza group, shows great diversity in growth and
development performances, even among accessions with the same geographic and
ancestral origins. In Chapter IV results, I have also observed this fact in my
physiological measurements. In future experimental design, researchers should make
more replicates of the same accessions for measurements, and also select several
accessions of similar ancestries or geographic areas. With these improvements of
experimental design, future researchers can draw more reliable conclusions on the
extent of physiological convergence of weedy rice.
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